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Abstract
Lithium ion batteries (LIBs) are the indispensable energy storage devices in our modern society.
LiFePO4, as one of the most promising cathode, are widely used in LIBs. However, impurity
phases are formed in LiFePO4 during carbon coating process due to the intrinsic strong reducing
atmosphere. Herein, as the first part of my work, interface chemistry of carbon coating on
LiFePO4 are symmetrically investigated by advanced characterization techniques. Two distinct
secondary phases are formed during carbon coating process at different condition. Moreover,
secondary phase formation is controllable by changing the particle size of LiFePO4, annealing
temperature, and coating atmosphere. High-quality LiFePO4 with excellent electrochemical
performance is obtained by tuning the carbon coating conditions. The formation mechanisms of
secondary phases are illustrated from the thermodynamic point of view, and in well agreement
with experimental observation. Next, the secondary phase during LiFePO4 synthesis and carbon
coating process are characterized with energy dispersive spectroscopy, Raman, and X-ray
fluorescence mapping, which give clear information about the phase distribution in obtained
materials.
To achieve higher energy density and safety, solid state batteries (SSBs) are developed by using
inflammable solid electrolyte and lithium anode. Unfortunately, the spread of SSBs are impeded
by the interface challenges of physical mismatch, chemical reaction, and space charge effect. It is
therefore necessary to engineer an interface to reduce the side reactions before assembling a
SSB. In this thesis, as the second part of my work, interface between Li1.3Al0.3Ti1.7 (PO4)3
(LATP) electrolyte and Li metal is stabilized with atomic layer deposition (ALD) interlayer,
which restricts the Ti reduction and Li dendrite formation. The physical mismatch of LiCoO2 and
current collector is resolved with Al substrate, which results in a fast lithium transport path.
There is an element mutual diffusion region between LiCoO2 and LATP electrolyte at high
temperature. By introducing an interlayer, element diffusion region is significantly reduced at
LiCoO2/LATP interface. A cold sintering process at lower temperature is developed, compared
with conventional high temperature sintering. The obtained solid electrolyte shows an ionic
conductivity close to 10-4 S cm-1, which is applicable for solid state batteries. The research on
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interface chemistry in solid state batteries will help to fabricate solid batteries with small
interfacial resistance.
Keywords: surface, interface, LFP, carbon coating, secondary phase, solid state battery, physical
mismatch, element diffusion, ionic conductivity, cold sintering process
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Chapter 1

1

Literature review

1.1 Introduction of LIBs
1.1.1

Fundamental of Li ion batteries

Lithium ion batteries (LIBs) have been widely used in portable electronics since
commercialization in 1990s by Sony [1]. Additionally, their applications in electrical
vehicles (EVs) and hybrid electrical vehicles (HEVs) have been growing gradually,
because of their high energy density and power density [2].
Generally, the basic working principle of traditional LIBs can be described as a rockingchair battery. That is, lithium ions are shuttled between cathode and anode during repeat
charge and discharge process. Specifically, a lithium ion de-intercalate from a cathode
(e.g. LiCoO2, LiFePO4), transfer across the electrolyte, and intercalate into an anode (e.g.
Graphite) during charge process. Movement of Li ions are accompanied with electrons
flowing in the opposite direction. During discharge process, lithium ions movement are
reversed, and the electrons pass the external circuit to power the devices. Figure1-1 is a
schematic diagram of working principle of LIBs [3].

Figure 1–1 Schematic illustration of Lithium ion batteries
1

2

Most of commercial LIBs are composed of LiCoO2 cathode (layered structure) and
graphite anode. This prototype battery has achieved great success in smart electronics
products such as laptops and cell phones [2,4]. However, application of LIBs for HEVs
and/or EVs energy storage systems require higher energy density, longer span life, higher
safety and lower costs. Thus, breakthroughs are expected by changing the chemical of
traditional batteries, which include the development of novel stable electrodes.
Among the various anode, silicon (Si) has highest known theoretical capacity of ~4,200
mAh g-1, which is more than ten times of existing graphite anodes (theoretical capacity of
~372 mAh g-1) [5]. In addition, it has a low discharge potential (~0.5 V), which guarantee
that it delivers high energy when coupled with high voltage cathodes. The discharge
curve of silicon, similar to graphite, exhibiting a long and stable plateau, which is
beneficial for full-cell design. Moreover, silicon is the second abundant element on earth,
making it easy to access. Thus, silicon anode for LIBs has received huge attention as a
promising candidate for replacing graphite anode [6].
In terms of cathode materials, several groups with different crystal structure have been
investigated in last decades. Notably, compositional variations of layered LiCoO2 with
some Ni and Mn substituted for Co (layered NMC) [7], stabilized LiMn2O4 (spinel) [8],
and LiFePO4 (olivine) are intensively studied [9]. To increase the energy density, Li-rich
NMC and LiNi0.5Mn1.5O4 are studied in recent years, because of high discharge capacity
and high voltage, respectively [10]. Each cathode material has its advantages and
disadvantages, therefore, it is unfair to define which one is the most suitable electrode for
real applications. In my thesis, I mostly focus on the olivine structure cathode materials
because it exhibit a highly stable performance during long-term cycles [11].
For LIBs, another key component is the electrolyte, which function as container of
storing and transporting Li ions during electrochemical reaction. Commercially, LIB
utilize the liquid electrolyte include lithium salt (e.g. LiPF6), organic solvent (linear
carbonate, e.g., EC/DMC) and additives [4]. Liquid electrolyte shows a high ionic
conductivity of at room temperature (1-10 mS cm-1). So, commercial LIBs mostly use
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liquid electrolyte, which have achieved great success in the market. Unfortunately, liquid
electrolyte still exists risk of thermal runaway, which can finally leads to fire or
explosion. Thus, it is necessary to find an alternative solution for liquid electrolyte in
LIBs in terms of safety concerns [12]. Moreover, energy density of current LIB system
will reach a theoretical limit in the near future, design an advanced battery with higher
energy density is extremely difficult based on traditional structure and composition. It is
time to consider about novel energy storage systems, such as Li-Sulfur battery, Li-air
battery and solid state batteries (SSBs) [13]. Among them, SSBs exhibit both high safety
and high energy density by using Li metal anode together with solid state electrolyte. The
key component in developing SSBs, doubtless, is finding a solid electrolyte with
excellent properties. Solid state electrolyte (SSE), can be a substitute for liquid
electrolyte in several aspects. First of all, SSE outperform the liquid one in terms of
safety because it is non-flammable [14]. In addition, side reactions at
electrode/electrolyte interfaces can be reduced for their high chemical stability [15,16].
Moreover, usage of Li metal and high voltage cathode becomes possible due to the wide
electrochemical window of SSEs. Therefore, development of SSE based lithium ion
batteries become very promising as next generation energy storage application.
LIBs are indispensable devices in our modern society. However, further developments
are still needed for large scale energy storage systems, such as EVs. Therefore,
development of advanced materials for LIBs becomes important and necessary, which is
also my motivation in studying on stable electrodes, solid state electrolyte and solid state
batteries in this thesis.

1.1.2
1.1.2.1

Development and challenges of Li ion batteries
Development and challenges of olivine cathode materials:
from LiFePO4 to LiMnPO4

Since a polyanion framework was first reported by Padhi et al. in 1997 [17], olivine
LiFePO4 was considered as one of the most promising cathode, for its low toxicity,
abundant, long cycle life and high safety. The limitations of olivine cathodes are,
intrinsically low electrical conductivity and slow lithium ion diffusion coefficient [9,18].
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Fortunately, those drawbacks have been resolved through carbon coating on nano-sized
particles [19-21].
Inspired by the great success of LiFePO4, other olivine based LiMPO4 (M=Mn, Co, Ni)
have received great attention afterward [22-24]. Actually, those olivine cathodes are more
attractive than LiFePO4 due to their higher voltage plateau (e.g. 4.1 V for LiMnPO4),
which result in higher energy density (energy density=specific capacity × operating
voltage). Unfortunately, working voltage higher than 4.5 V plateau ( LiCoPO4, LiNiPO4)
is unsuitable for most of the commercial available electrolytes, leading to safety problems
[9]. The 4.1 V plateau of LiMnPO4 is compatible with the commercially used carbonate
ester-based electrolyte [25], which makes it a promising cathode material for next
generation LIBs. Like the LiFePO4, the relative low conductivity of lithium ions and
electrons of LiMnPO4 need further improvement through carbon coating, size-reduction,
or doping [25-32]. While LiMnPO4 is more resistive than LiFePO4, more carbon is
needed to form a conductance path. And, it is more challenge for LiMnPO4 as Mn2+ has
lower catalytic activity of carbon decomposition compared to Fe2+[33]. In addition,
manganese ions may dissolve into the electrolyte during the repeated cycling as a result
of the disproportion reaction of Mn2+, which deteriorate the long time cycling and cause
electrode shutdown [34]. Recently, solid-solution of LiFePO4 and LiMnPO4 is also
widely studied because it possess both the high voltage plateau (from Mn) and relative
fast kinetics (from Fe). Although it exhibit two voltage plateaus at 3.6 V and 4.1 V, it can
combine the advantages of two compounds at the same time, making it possible for
application in LIBs [35].
Synthesis of olivine structure materials, and investigation of structure, defects and
physical, chemical and electrochemical properties of LiMPO4 (M=Fe, Mn)/C had been
widely studied since discovery of olivine by Goodenough [17]. Especially, there are
growing interests on synthesis of LiMnPO4 and Li (MnxFe1-x) PO4 for long-distance EVs
application. There are already some mini reviews published concerning about synthesis
and properties about LiMPO4 (M=Fe, Mn) [36], I will summarize the development from
LiFePO4 to LiMnPO4 from my perspective point of view. In our work, I would like to
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show how to coat uniform carbon on LiMPO4 olivine cathode, and give details on carbon
effect on synthesis and electrochemical performance of C/LiMPO4.

1.1.2.1.1

Basic physical and chemical properties of LiMPO4
(M=Fe, Mn).

The olivine structure of LiMPO4 (M=Fe, Mn) crystal consists of a distorted hexagonal
close-packed oxygen framework, where M (M=Fe, Mn) occupy the zigzag chains of
corner-shared octahedral sites and lithium resides at rest edge-shared octahedral sites,
while phosphors ion is located in the tetrahedral sites (Figure1-2) [3]. The 3D polyhedral
bonded olivine crystal structure, contrasting to the layered cathode (e.g. LiCoO2), is one
reason for the excellent thermal stability of LiMPO4 electrode because of strong bond of
P-O. For LiMPO4, lower electronic conduction is one biggest drawback. The reason is
not only from olivine structure but also from the lack of mixed valence of the M ion. The
electron conduction of transition metal compounds need d-orbital overlapping of
transition metal and adjacent polyhedral. In the case of LiMnPO4, for example, MnO6
octahedral are interconnected via corner sharing. However, overlapping of d orbital is not
sufficient, which result in poor electronic conductivity [37-39]. According to theoretical
calculation by first principle, the barrier for carrier migration energy for LiMnPO4 is even
higher than that for LiFePO4, suggesting the electronic conductivity of LiMnPO4 is two
orders of magnitude lower than the Fe analogs at room temperature (<10-10 S/cm)[39].
Atomistic theoretical studies show that the guest Li+ moves in olivine LiMPO4
framework along b-direction ([010]) in the open space between PO4 units. The motion is
not a straight line. Instead, Li+ ions can be viewed as slalom racers inside their channel;
but the trajectory is 1D (As shown in Figure 1-2) [40]. The drawback of this property is
that the ionic conductivity is extremely sensitive to any defect or impurity. The
imperfection block the lithium conduction channel, thus preventing diffusion of Li+ ions
[3]. As reported by Manjunatha et al., the diffusion coefficient of LiMnPO4 during
intercalation process, calculated from galvanostatic intermittent titration technique
(GITT), potentiostatic intermittent titration technique (PITT) and electrochemistry
impedance spectroscopy (EIS), was found to vary between 10-11-10-13 cm2s-1[41]. A
relative lower diffusion coefficient (5.0×10-13 cm2s-1) was also reported in another report
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by EIS technique [42]. However, traditional techniques ignore the interface mobility of
lithiated phase and delithiated phase in two-phase region. Recently, a phase
transformation technique has been developed by integrating mixed control phase
transformation theory with tradition electrochemical method. Through this new phase
transformation cyclic voltammetry (CV) technique, it is more accurate to evaluate the
effects of lithium ion diffusion coefficient, interface mobility, exchange current density
and particles size on the CV profiles of LiFePO4 and LiMnPO4 phase transformation [43].

Figure 1–2 Scheme of the LiMPO4 crystal structure (Green=Li atom)
As mentioned above, the LiMPO4 suffers from the low electronic conductivity and slow
lithium kinetic transportation. Therefore, it is necessary to increase the physical
properties of LiMPO4 before applied them into commercial lithium ion batteries. Here,
we introduce some typical methods in increasing the electronic/ionic conductivity of
LiMPO4 (Figure1-3). [11,44]
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Figure 1–3 Strategies in improving the electrochemical performance of LiMPO4 [11]

1.1.2.1.2

Size reduction and/or morphology control of LiMPO4.

Reducing size of particles or designing architecture of material to sub-micron level is an
effective strategy to improve kinetics of electrode in lithium ion batteries [45]. Compared
to micron-sized particles, the diffusion path length for Li ions and electrons are largely
reduced in nano materials, which can significant increase rate performance of electrodes.
It is more prominent for materials with 1D ion diffusion path such as olivine, where
structural defects may hinder the diffusion process as demonstrated by Malik et al. for
LiFePO4 [46]. The nano-sized LiFePO4 has been proved very successful by many studies
in achieving high electrochemical performance [47]. Drezen and coworkers showed that
by reducing particle size of LiMnPO4, highly reversible capacity could be reached as well
[23]. The synthesized LiMnPO4 nanoparticles with smallest diameters of ~140 nm
delivered a high discharge capacity of 156 mA h g−1 at 0.01C, which was attributed to
improvement of ion transport. Nano particles, however, result in a large electrode surface
area, which accelerate detrimental interfacial side reactions and lead to formation of a
surface layer composed of electrolyte decomposition products. The side reactions cause
surface degradation of the LiMPO4 electrode through partial de-lithiation, dissolution,
and structural arrangement [48,49].
Not only particle sizes reduction, tailoring or tuning the LiMPO4 morphology has also
gained increasing interest in improving performance of electrodes. Generally speaking,
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hydrothermal methods at low temperatures allow precise control of size and morphology,
but the as-obtained material still shows poor electrochemical performance due to anti-site
defects. The anti-site of Fe or Mn cations on Li sites lead to trapping of the migrating Li
vacancies, thereby inhibiting Li extraction. And mixed solid solution olivine materials
have higher anti-site migration energy, which indicate that the blocking effect on lithium
insertion and extraction is greater [50]. To reduce the blocking effect of anti-sites, some
common strategies adopted include increasing reaction temperature [51], extending
treating time [52], or applying supercritical synthesis during synthesis [53,54]. However,
these methods still cannot guarantee enormous improvement in performance due to
limitation of electronic conductivity in LiMPO4 [54].
In addition, synthesis LiMPO4 with preferable crystallographic orientation plays an
important role in improving kinetics of olivine cathode. Evidence shown by atomistic
simulation and experiments indicate that Li ions only move along b axis, therefore,
ultrathin 2D LiMPO4 nano sheets with exposed (010) facets or 1D nanowires parallel to
[010] favor fast lithium diffusion [55]. From the thermodynamic point-view, relative area
of a typical facet on particle depends on its surface energy. In the case of orthorhombic
LiFePO4, the preference of (010) facet on the crystals implies that the (010) surface is
thermodynamically favored over other facets for its low surface energy [56], as shown in
Figure 1-4a. Typically, most (010) oriented sheets or plate like LiMPO4 have been
prepared under solvothermal conditions using ethylene glycol (EG) as solvent. Although
there is no any theoretical calculation, it is assumed that EG has strong chelating ability
to bond metal ions and thus stabilize the facet, resulting in nano-plate LiMPO4. Recent
research shows that other polar solvent such as ionic liquid or diethylene glycol had same
chelating capability, 2D nano LiMnPO4 are prepared [57,58], as shown in Figure 1-4b.

9

Figure 1–4 Morphology control and size reduction. (a) Calculated surface energy
and solvent effect on LiFePO4 crystal; (b) Nano-porous LiMnPO4 sheets [56]
High energy density is required for large scale batteries applications, because of limited
space left for energy storage system. Therefore, not only high specific capacity LiMPO4
electrode (gravimetric energy density), but also a high tap density of LiMPO4 (which
means a high volumetric energy density) is necessary for LIBs [59]. However,
nanoparticles have lower tap densities because of loose-agglomeration, which is
undesirable for olivine cathode in competing with layered cathode materials. To get high
tap density and good cyclability, microspheres LiMPO4 composed of nano-sized primary
particles are developed. The microspheres preserve the advantage of nano-size particles
with shorter ion transportation length. In addition, microspheres with interconnected network structure facilitate electronic conduction. Also, higher tap density is obtained
because of spherical morphology and dense packed particles. Carbon-coated LiMPO4
with high tap density can be synthesize by co-precipitation [60,61], spray-drying [62,63],
hydrothermal or solvothermal [64]. Moreover, nano-size particles synthesized by
hydrothermal method tend to form some intrinsically anti-site effect, which block Li ion
migration in 1D channel. In contrast, large-size crystals with less disordered atoms
arrangement have greatly reduced anti-site defect concentration [62,64].
To sum up, it is important to optimize the synthesis condition to produce well ordered
LiMPO4 crystals with suitable size (not solely focusing on nano-sized crystals), high tap
density, few defects and high reversibility.

10

1.1.2.1.3

Element doping in LiMPO4 (M=Fe, Mn).

As early as 2002, Chiang et al. claimed that doped LiFePO4 with supervalent cations, the
electronic conductivity increased more than 8 orders of magnitude [65]. From then on,
many cations were employed as dopants in the LiMPO4 system [66,67], as seen in Figure
1-5. However, the origin of the increment of conductivity, the presence of dopants in the
lattice, and the sustainability of lithium vacancies are under sparkly debating. [9,11,40]
Even though it is difficult to reach the consensus of opinions about the origin of doping
effect, doped LiMPO4 samples actually show better electrochemical performance.
Partially substitution of Li site, M site, P site and O site are supposed to greatly improve
the kinetics of olivine cathode material, I will introduce them in the following sections.
Metal site doping. Early back to the discovery of olivine structure, Padhi el al. had tried
to substitute Fe with Mn, Co, or Ni, and the iso-structures of LiFePO4 were obtained [17].
Unfortunately, attempts to extract lithium from the pure LiMnPO4 was failed due to its
slow kinetics. After the incorporation of Fe, the oxidation of Mn2+ and extraction of Li
was successful observed in LiFexMn1-xPO4. For LiMnPO4, it suffers from the intrinsic
lower electronic conductivity problems like LiFePO4 and and Jahn-Teller distortion
around Mn3+. [9]. Due to the similar chemical environmental, it might be expected that
Fe, Mn, Co, Ni are mutually soluble within each other [68,69]. Thus, LiMPO4 solid
solution composed of one or two of the four element is one possible strategy to improve
the conductivity, i.e., mixed-metal phosphate with olivine type crystal structure. Among
them, one of the interested solid solution is LiFexMn1-xPO4 (x=0-1), with improved
electronic and ionic conductivities and less Jahn-Teller effects [63,70-76]. However, the
optimal ratio of Mn/Fe is varied in reports, so the simple principle is to keep the benefit
of higher electronic and ionic conductivity of iron and to take maximum benefit of higher
working potential of manganese [60,77].
In addition to solid solution, isovalent cations Mg2+ doping in LiFePO4 is widely reported
in improving the ion transporting kinetics. As suggested by Islam et al., Mg2+ substitution
at Fe site is the most favorable doping site with lowest solution energy, leading to
enhanced electrochemical performance [78].. In the case of LiMnPO4, Mg ion doping
dilutes concentration of John-Teller active Mn3+, thereby reducing polarization and
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lithium ion diffusion barrier.[66] By using in situ X-ray absorption spectroscopy and Xray diffraction techniques, a pseudo one-phase reaction was observed during charge by
Baknov et al., which significantly improved the reaction kinetics of Mg doped LiMnPO4.
Additionally, trace of Mg decreased the local lattice misfit at the two phases interface
during Li extraction, facilitating the phase conversion process. [79,80] The Mg doping on
Mn site significantly increase the kinetics and performance of LiMnPO4 because it causes
smaller local structure distortion and disorder during lithiation. Not only doping on metal
site, a Li site doped with Mg2+ also lead to good electrochemical performance.[81]
However, Li site doped LiMnPO4 has lower initial capacity due to existence of Mn2P2O7
as the second phase. Fortunately, this adverse effect is diminished after long term of
cycling, which may be the result of increasingly ion exchange of Mg ions and Li ions
[82].
Additionally, reports about aliovalent doping (e.g. Mo6+, Ti4+, V5+, Nb5+) have bettered
performance of LiMPO4 as well. The theoretical calculation, however, does not support
this point of view. In practice, there are still numerous reports testifying that aliovalent
doping is feasible and good for electrochemical performance [50,83]. There still need
further detailed research to confirm the real mechanism.
In terms of aliovalent doping, vanadium doping in metal sites received most attention in
recent years because vanadium element is presented in different oxidation states and
coordination chemistries. In LiFePO4, vanadium doping on Fe sites could increase unit
cell volume and reduce miscibility gap, both are beneficial for Li ion diffusion [84]. The
problem is a drastic decrease of capacity during cycling due to increase of anti-site defect
concentration. In the case of LiMnPO4 system, high level of vanadium doping at Mn sites
resulted in enhanced kinetics and improved discharge capacity, as well. X-ray absorption
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spectroscopy data confirmed that improvement was ascribed to an increased Mn-O
hybridization in the doped samples [85].

Figure 1–5 Element doping in LiMPO4 crystals. (a) Element doping energy in
LiMnPO4; (b) Element doping energy in LiFePO4. [78]
Other site doping. The first reported Li site doping by Chung el al., resulted in several
orders of electronic conductivity increment with a low level of aliovalent dopant [86].
However, it triggered fiercely debating on the doping mechanism, as the following
researches claimed that the improved performance was the formation of metallic iron
phosphides/carbophosphides on the LiFePO4 surface [87]. There are still controversial
views about the true role Li doping. But we have to admit that there are really some
reports showing the benefits of Li site doping in olivine [67,82].
Among the attempts for replacing P site by other elements, vanadium doping is a
promising one [88]. Combined the rietveld refinement of neutron and X-ray data, it was
revealed that the vanadium was capable of doping on the site of P [84]. More precisely,
the vanadium doped LiMnPO4 is solid solution of LiMnPO4 and LiMnVO4, the latter
phase can increase the electronic conductivity and structure stability. Through the
EXAFS/XANES measurement and theoretical calculations, it was found that the
conductivity of doped sample increased for 1-2 orders of magnitude due to the
introduction of lower-lying unoccupied vanadium d-states. This resulted in partial mixing
of Mn with V, thereby opening a pathway for electron hoping [89]. P site doping with B
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was reported recently, which showed improved electrochemical performance. The reason
was attributed to enhanced lithium ion diffusion rate and reduction of charge transfer
resistance [28].

1.1.2.1.4

Conductive carbon coating on LiMPO4 (M=Fe, Mn).

After the pioneering work done by Armand et al., carbon coating has been commonly
applied in the LiMPO4 cathode to improve electrochemical performance of olivine
cathodes. [90] The effects of carbon on LiMPO4 are multifold, such as reducing agent,
nucleating agent and conductive additive. In practical, the electrochemical behaviors of
LiMPO4 are strongly influenced by the quality of the carbon coating, including the
amount, the carbon structure, the morphology and the distribution of carbon. To make an
optimal carbon coating with desired quality is critical for the improvement of LiMPO4
cathode in real application.[11] Although numerous reports have focused on the synthesis
of C/LiMPO4 composite materials and great progress have been made in this field
recently, the state of art understanding of the role of carbon is still elusive.
Synthetic strategies for LiMPO4 with carbon coating (M=Fe, Mn). Preparation of
carbon coated LiMPO4 is critical to achieve high electrochemical performance, and it has
been summarize in a recent review [36]. It is not the subject of this work to revisit all
synthetic methods in details, but we will instead discussing related carbon coating
synthetic strategies.
LiMPO4 cathodes are synthesized by various methods, such as solid state or wet process.
Typically, solid state reaction is the most conventional method used in industry to
synthesize powder materials for lithium ion batteries for its simplicity, ideal for
continuous large scale production. Furthermore, choosing reasonable raw materials and
carbon sources are also very key factors for scaling-up production.
A critical key parameter in determining quality of prepared LiMPO4/C materials is
temperature. Too low temperature may result in low crystallinity and poor conductivity,
while too high temperature lead to large particle size, low specific surface area and
agglomeration of particles [91]. To get a high specific capacity, temperature optimization
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is important. Also, the temperature also correlated to composition of LiMPO4/C. In iron
containing olivine cathodes, the optimal temperature is reduced due to the catalytic
activity of iron [75]. In a typical solid state synthesis for LiMPO4/C material, 600-700 °C
is chosen as the calcination temperature for getting high crystallized LiMPO4/C with
excellent electrochemical performance [92].
During solid-state reaction, carbon additives not only act as carbon source but also a
reducing agent, especially, when tri-valent metal sources are introduced. The M3+ is
reduced to iron M2+ during synthesis through the carbon reduction process at high
temperature. To reduce crystal size, polymer or long-chain organic carbon is introduced
as a cap agent to limit the growth or agglomeration of particles during calcination [93].
The reason is that long molecular chains in the polymers have branches, which separate
the particles from each other, thereby limiting the agglomeration of particles.
Wet chemical methods synthesis of LiMPO4/C materials often result in higher phase
purity and better control of morphology and particle size. LiMPO4 with highly exposed
fast lithium ion diffusion facets ([010]) can be easily controlled with
hydrothermal/solvothermal method, thereby improving the rate performance of
LiMPO4/C electrode [94]. With the help of microwave, Kim et al. prepared a
LiMn1−xFexPO4/C microspheres using solvothermal process using a complexing agent.
The microspheres had a high tap density and delivered a high reversible capacity and
remarkable rate capability, as well as excellent cyclability [64].
Also, porous structure that is beneficial for electronic and ionic conduction can be easily
achieved in sol-gel method. Typically, citric acid is introduced as foaming agent and
carbon precursor, which will retard the undesirable particle growth and improve
conductivity. Kim et al. investigated the synthetic conditions of LiMn1−xFexPO4/C
nanocomposite, and better performance was obtained with more porous structure [95].
Recently, Li et al. synthesized a novel LiMnPO4/C composite with adding of acetylene
black in order to increase conductivity of electrode [96]. The sample with AB embedded
exhibited a specific capacity of 141 mAh g-1 at 1C, in comparison of 114 mAh g-1 in bare
LiMnPO4.
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In recent years, spray pyrolysis has become popular in producing cathode materials with
fine spherical particles with homogeneous chemical composition and narrow particle size
distribution in a short production time [79]. The prepared micro-spheres
LiMn1−xFexPO4/C has mesoporous distributed uniformly both on the surface and in the
microspheres, which allow efficient percolation of electrolyte through the electrode,
favoring Li access to active material, thus contributing to efficient use of electrode
materials. [97] Synthesis of LiMn1−xFexPO4/CNTs composite, ultra-high rate capacity of
64.23 mAh g-1 at 50C was achieved [63]. Liu et al. compared the LiMn1−xFexPO4/C
micro particles with LiMn1−xFexPO4/C nano particles, the results showed that the microspheres could deliver comparable discharge capacities and rate capability, while
presenting compact configuration of higher volume energy densities [62]. With assistance
of ultrasonic and ball-milling, nano LiMn1−xFexPO4/C composite with homogeneous
composition and uniform carbon coating was synthesized by Oh et al., which exhibited a
discharge capacity of 121 mAh g-1 at 2C rate and a capacity retention of 91% after 50
cycles at 55 °C [98].
Because distribution of Mn and Fe in LiMn1−xFexPO4 solid solution is heterogeneous, coprecipitation method is employed in synthesis solid-solution of LiMn1−xFexPO4 cathode
materials. Oh et al. utilized co-precipitation to synthesize LiMn1−xFexPO4 spherical
particles with an average particle size of 15 µm, which composed of primary particles of
1-1.5 µm particles with carbon coating. The resulted carbon-coated LiMn1−xFexPO4
electrode exhibited a specific capacity of 142 mAh g-1 at 0.05C [61]. Recently, Yang et
al. presented a simple and facile co-precipitation method assisted by dimethyl sulfoxide
(DMSO) and polyvinylpyrrolidone (PVP), pure and well-crystallized LiMn1−xFexPO4
phase was obtained at ambient pressure and lower temperature with controlled size and
uniform carbon coating. Excellent high rate capacity was achieved with this
LiMn1−xFexPO4/C composite at both room temperature and lower temperature, which
promoted its practical usage [99].
Carbon coating effect on LiMPO4 (M=Fe, Mn). The introduction of a carbon as a
conducting matrix in LiMPO4, has been widely accepted as an effective way to improve
the electrochemical performance of olivine cathode materials. Olivine cathodes coated
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with uniform and conformal carbon layer are reasonably desirable to ensure good contact
between different particles with less dead weight zones. Further building conductive
networks by carbon matrix effectively reduce the polarization and charger transfer
resistance in LiMPO4 electrodes [100]. The carbon addition in olivine not only facilitate
electron distribution among particles through a point-to point mode, but also increase
conductivity between particles due to the improvement of effective transference of
electrons in the interconnected structure of carbon entangled with active materials [101].
Generally speaking, most researchers adopted abundant carbon of over 10 wt. % to
enhance the electron conductivity of LiMPO4 [102]. To compensate the intrinsic low
electronic conductivity, conducting carbon coating is a straightforward method in
enhancing the electronic contact among particles.
Although carbon addition greatly improve the conductivity of LiMPO4 cathode, we
should not ignore their negative influence on the tap density of electrode for practical use
[81]. With the increase of carbon content, the battery volume increases and the tap
density decreases. Therefore, the quantity of carbon incorporated into LiMPO4 needs
optimizing. Chen et al. showed that with the carbon content in C/LiMnPO4 change from
9.6 wt. % to 6.3 wt. %, the tap density increase drastically. An optimal amount of carbon
content 7.6 wt. % was confirmed, which presented a superior electrochemical
performance than other compositions [103].
To increase the tap density of olivine cathode, one of the effective way is prepared microsized spherical particles. The spherical morphology can gives higher stack density in
comparison to non-spherical particles. Sun et al. reported a co-precipitation synthetic
approach to prepare micrometer-size configuration solid-solution cathode (as shown in
Figure 1-6a), the tap density of micro-C/LiFe0.5Mn0.5PO4 was 1.4 g cm-3, which was higher
than the typical tap density of nanoparticles in the range of 0.3-0.8 g/cm3 [60]. More
recently, to improve the uniformity of carbon coating combining with high tap density,
Liu et al. fabricated a mesoporous microspheres by a modified spray drying-sintering
process with double carbon coating on LiFe0.6Mn0.4PO4 (Figure 1-6b) [62]. This materials
had a high tap density of 1.4 g/cm3 with about 3% carbon residual and a superior specific
capacity, as well as excellent rate capability at high current density.
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Figure 1–6 Carbon coating effect on LiMPO4: tap density. (a) Mesoporous microLiFe0.5Mn0.5PO4 particles; (b) Spray-drying method for preparing LiFe0.6Mn0.4PO4/C
microspheres. [60,62]

The reaction kinetics of carbon coated olivine cathode is greatly enhanced because of
suppression effect of carbon during synthesis leading to fine olivine particles with shorter
lithium transport path. This phenomenon could be reflected in the cyclic voltammetry
profiles. For example, pure LiMn0.75Fe0.25PO4 electrode exhibited a large polarization and
a very low manganese redox peak due to the sluggish electronic transport (Figure 1-7a).
With carbon coating, the coated sample show noticeably reduced polarization and higher
peak current compared to carbon-free counter-part [104].
Actually, coating with carbon could effectively increase the lower specific capacity
delivered by LiMn1−xFexPO4/C cathode. In general, pure LiMn1−xFexPO4 cathode shows
very small discharge capacity, and no obvious discharge plateaus can be observed due to
poor electronic conductivity and large polarization (Figure 1-7b). In combination with
the technique of electrochemical impedance spectroscopy (EIS), which facilitate our
understanding on the improvement of conductivity. The EIS tests show that the charge
transfer and/or lithium ion transfer resistance are reduced after carbon coating [80].
However, thicker carbon coating with higher electronic conductivity is out of
consideration because thicker carbon coating lead to longer lithium ion diffusion path
[81].
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Figure 1–7 Carbon coating effect on LiMPO4: electrochemical performance. Cyclic
voltammetry profiles of (a) LiFe0.75Mn0.25PO4 half-cells recorded at 0.1 mV s−1, and charge
discharge profiles of LiFe0.75Mn0.25PO4 at current density of 0.1 C (b). [80] [81]

In addition, high rate performance and long-term cycling stability of LiMnxFe1−xPO4
cathode could be improved. LiMnxFe1−xPO4 cathode with 92% capacity retention after
300 cycles at 3C was reported with a uniform carbon coating in 2010 [75]. The cycling
stability of LiMnxFe1−xPO4 cathode at high current rate is critical for application in EVs
or HEVs. In a recent report, LMP/ C composite electrode exhibited a very stable
performance at 1C and 5C, with a capacity retention of 94.8% and 90.8 % after 500
cycles, respectively. Meanwhile, the cycle performance at elevated temperature was very
stable at 5C, 89.2 % capacity retention was obtained after 300 cycles [76,100].
Additionally, the cycling performance is influenced by the synthesis procedure, such as,
temperature etc. However, one of the big issues of lower temperature synthesis is the
formation of large amount of anti-site defects, which lead to structure distortion and the
loss of capacity during long-term cycling. To improve the cycling performance of LMP
cathode, collective and cooperative strategies including carbon coating, assembly of
nanocrystals into dense packing mono disperse micro particles should be implemented
for scalable synthesis.
Carbon coating on olivine (LiMPO4, M=Fe, Mn) has been realized experimentally, their
effect on the conductivity, tap density and cycle performance has been observed.
However, there are still several fundamental problems to be solved. Theoretically, the PO covalent bond in LiMn1−xFexPO4 makes it very stable. Nevertheless, the real
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LiMn1−xFexPO4 does not always show superior stability against environment as expected.
Capacity degradation occurs during electrochemical cycling, as a result of moisture
contamination [105-109]. Numerous studies on understanding the surface chemistry
change or aging process under moisture containing circumstance such as storage and
electrochemical working conditions are conducted [105-109]. Additionally, the
LiMn1−xFexPO4 is under strong reducing atmosphere and high temperature during carbon
coating process, possible surface chemistry change of LiMn1−xFexPO4 could be
interesting. The surface or interface in-between carbon layer and bulk LiMn1−xFexPO4
will directly have an impact on the electronic and ionic conductivity. Therefore, the basic
scientific understanding during carbon coating process is very interesting, it will be
emphasized and valued in the near future.

1.1.2.2
1.1.2.2.1

The development of solid state electrolytes
Polymer Electrolyte

Roughly speaking, polymer batteries could be categorized into crystalline, semicrystalline and amorphous in terms of structure, and different conduction mechanism are
proposed based on structures. A typical example is PEO based solid polymer electrolyte,
which presents all the three phases with different chemical composition. Armand, who
invented the amorphous PEO base polymer electrolyte, assigned the ion conduction in the
PEO polymer to local segmental motion of polymer chains [110]. This theory was later
challenged by the research of Bruce’s work on crystalline PEO based electrolyte, they
claimed that lithium ion resided within the tunnels formed by the polymer and were
coordinated by six ether oxygens, and lithium ion transported in the tunnels [111]. The
crystalline complex with an ordered microstructure is deemed to exhibit a higher
conductivity than an amorphous one with the same composition. For other polymer
electrolytes, we will not show detailed information of them in this thesis.

1.1.2.2.2

Inorganic Electrolyte

Inorganic solid electrolytes have been widely studied since last century, they show good
ionic conductivity, thermal stability, and wide electrochemical windows. In the following
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parts, we will go through the development of oxide-based electrolyte and other solid
electrolytes.

1.1.2.2.2.1 Oxide based Electrolyte
Oxide electrolyte, can be divided into amorphous group, glass-ceramic and crystalline
groups. The amorphous oxide or glass electrolytes have some advantages such as:
isotropic ionic conduction, no grain-boundary and wider range of composition. The most
commonly studied glassy electrolytes include the Li2O-P2O5-B2O3 and Li2O-SiO2-Al2O3
glasses. But, their ionic conductivities are in the order of 10-7-10-6 S/cm, which are too
low for good lithium ion transport in solid state batteries [112]. Here, we may focus more
on the crystalline oxide electrolyte and glass-ceramic electrolyte.
LISICON type electrolytes. First discovered by Hong and Co-workers in 1978, the
LISICON (Li superionic conductor) compound Li14Zn (GeO4)4, showed relative low
conductive at room temperature [113]. Basically, it is a solid solution of two oxysalts,
Li4GeO4 and Zn2GeO4. Table 1-1 shows the crystal structure for the LISICON structure,
the whole framework is similar to γ-Li3PO4 structures [114]. The 3D skeleton consists of
two lithium active sites, which are occupied by four and seven Li ion, respectively. The
bottlenecks for Li ion transport between different sites are parallelograms, with a tilt
angle. On the basis of calculation, the average size of the bottle necks (4.38 Å) is bigger
than the minimum size for Li ion transportation (4.0 Å), which benefits Li ion movement
in the crystals [115]. However, this highly conductive phenomenon only exhibits at
higher temperature (~10-7 S cm-1, 300 °C), the conductivity drops down at room
temperature [116]. In addition, Li14Zn (GeO4)4 is reactive toward Li metal, which greatly
impede their application in solid battery [112].
Another group of LISICON like solid electrolyte is formed by the substitution of P with
Si in γ-Li3PO4 structures, therefore, extra lithium ion is incorporated into lattice and
occupy the interstitial sites. As a result, the distance of the adjacent lithium ion becomes
shorter, leading to ion conductivity of 10-6 S cm-1 of LISICON at room temperature
[117]. In the earlier work, there has been debates about the existence of single continuous
solid solution phase for Li4SiO4–Li3PO4 systems [111]. Recent work by molecular
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dynamic simulation confirmed the formation of a solid solution phase with high ionic
conductivity, after the investigation of a variety of different Si/P composition in the
compound theoretically and experimentally [116]. Substitution of the Si with large size
cations was an effective way to improve the ionic conductivity, Sn doping were proved to
increase the lattice size and Li migration channels [118]. Zr and/or Cr substitution of Si
could considerably raise the conductivity of the LISICON solid electrolyte by two
magnitude, which benefits both from the big channel and vacancy sites created by doping
[119,120].
However, the ionic conductivities of the LISICON solid electrolytes are too low to apply
in solid state batteries, and further improvement is needed.
NASICON type electrolyte. NASICON, is short for a Na Super Ion Conductor,
Na1+xZr2P3-xSixO12, which shows high sodium ionic conductivity at room temperature
[121]. Similarly, the lithium compound of same NASICON crystal structure with a
general formula of LiM2IV (PO4)3 (AIV = Ge, Ti and Zr) also exhibit very good lithium
ion transportation. The NASICON crystal skeleton is built of MO6 octahedral linked by
PO4 tetrahedral to form a 3D interconnected channels. Two interstitial sites are created
where lithium ions are hopping between them through the bottlenecks in the skeleton, as
shown in NASICON crystal structure in Table 1-1 [115].
For the NASICON solid electrolyte, there is a close relationship between the activation
energies for lithium conduction and the cell volume of the crystals. The reason is that
lithium ionic radios should matches well with the bottleneck size formed in the 3D
framework. As indicated by Yang and her co-workers, the ionic conductivity of
NASICON electrolyte increases as the bottleneck size is reduced, because smaller
bottleneck is beneficial for lithium ion transportation [115]. NASICON solid electrolyte
with large M ion sizes (such as Ti, and Ge) aims at reducing the bottleneck size. Another
effective way to increase the ionic conductivity is doping M ion with trivalent cations
(Al, Ga, Sc, In, Y) or P5+ with Si4+, which could effectively increase the lithium ion
conductivity by increasing the mobile lithium concentration and mobility. For instance,
Al doped Li1.3Al0.3Ti1.7 (PO4)3 (LATP) could exhibits high Li+ conductivity of 3 × 10-3 S
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cm-1 at 25 ˚C [121]. The substitution of Ti4+ by smaller Al3+ cations reduced unit cell
dimensions of the NASICON framework and significantly introduced 0.3 mol extra Li
ions in the crystal structure, which leaded to the increase of ion conductivity by 3 orders
of magnitude.
Glass-ceramic electrolyte, produced by crystallization of a glass precursor, usually
presents a low ionic conductivity after crystallization process. However, if there is
precipitation of a superionic crystalline conductor from the glass electrolyte, which could
result in improvement of ionic conduction due to the reduction of grain boundary
resistance [121]. Xu and co-workers prepared a Li1.4Al0.4(Ge0.67Ti0.33)1.6(PO4)3 glass and
crystallized at 950 °C for a longer period (18 h) to obtain glass-ceramic materials, it
showed a maximum room temperature conductivity of 6.21 × 10−4 S cm-1[122]. Another
high conductivity of Li1+xAlxGe2−x(PO4)3 (x = 0.5) (5.08 × 10−3 S cm-1 at 27 °C ) was
obtained by the glass-ceramic crystallized at 850 °C for 12 h, prepared by Kumar and coworkers[123]. Later on, a higher conductive Li1.5Al0.5Ge1.5 (PO4)3 electrolyte was
prepared by the same group with optimization, the obtained solid electrolyte showed 10-2
S cm-1 at room temperature, which was comparable to liquid electrolyte [124]. The
sample exhibited enhanced ionic conductivity was attributed to space charge effect in
their explanation, a common phenomenon in solid state ionic field. Numerous study were
conducted to understand space charge effect on the influence of ion conduction behavior
in solid state electrolyte, unfortunately, no unified conclusion has been reached right now
[125,126]. Nevertheless, the interactions of the lithium ion with the impurity phases
AlPO4 and Li2O resulted in the space charge effects were accepted in LAGP and LATP
glass-ceramic solid electrolytes [126].
In addition, NASICON solid electrolytes are stable with air and water, even at high
potential, making them suitable candidates for application in solid state batteries [127].
However, the stability against Li metal is still a major problem, Ti and/or Ge are easily
reduced to lower valance state by Li metal [128-133]. Another problem for LAGP is high
price of Ge, making the commercialization of it unacceptable.
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Garnet type solid state electrolyte. The ideal garnet solid electrolyte exhibit a general
chemical formula of AxB2 (XO4)3 (x=3-7, A = Ca, Mg, Y, La or rare earth; B = Al, Fe,
Ga, Ge, Mn, Ni or V; X = Si, Ge, Al), where A, B and X are eight, six and four oxygen
coordinated cation sites, which crystallize in a body centered cubic structure with the
space group Ia-3d [134].
The low Li content (Li3-phase) garnet type electrolyte (e.g. Li3Ln3Te2O12) shows low
ionic conductivity of 10-6 S cm-1 at 600 °C and high activation energy (>1 eV), which is
explained by less mobility of Li atoms in the tetrahedral sites[135]. Commonly, garnettype Li solid electrolytes contain 5-7 Li atoms per formula unit, and are referred to as Listuffed garnets due to the excel Li accommodate in tetrahedral sites.
Li5La3M2O12 (M=Ta, Nb), one typical garnet electrolyte, has been intensively studied
after first reported by Wenpper and Thangadurai [136], it possess the merits of pure
lithium ion conductivity and high decomposition voltage (>6 V). Typically, in the Li5stuffed garnet crystals (shown in Table 1-1), the MO6 octahedral sites are surrounded by
six lithium ions and two Li vacancies, which is beneficial for lithium ion transport [137].
An ionic conductivity of 10-6 S cm-1 at room temperature was first reported for the Li-5
garnet electrolyte. [138].
Li-excess garnet structures are obtained by substation of the La or Ta site with aliovalent
ions. For example, substituting La3+by Ba2+ (Li6BaLa2Ta2O12), a maximum lithium ionic
conductivity of about 4×10-5 S cm-1 was obtained at room temperature, which was
ascribed to the changes in the lithium ion distribution in the tetrahedral and octahedral
sites[139]. The Ta5+ or Nb5+ ions can be substituted by ions such as In3+ or Y3+, thereby
increasing the lithium concentration on the octahedral sites, which further increase the
ionic conductivity[140]. The high concentration of vacancies on the tetrahedral sites
allow for clustering of the Li ions to avoid electrostatic repulsion caused by small Li-Li
distances within the structure, which can influence the Li displacement in different
sites[141].
As seen from above discussion, a higher Li concentration is beneficial for ionic
conduction in garnet type electrolyte. In 2007, Murugan and coworkers synthesized a
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highly conductive cubic garnet-type Li7La3Zr2O12 (LLZO) by substitution of Zr for M in
Li5La3M2O12 (M=Ta, Nb), such garnet structure was able to accommodate seven Li ions
per chemical formula [142]. The obtained LLZO exhibited a total conductivity of
7.74×10-4 S cm-1 at 25 °C, which was ready for real application in solid batteries. The
high conductivity originated from larger cubic lattice, high lithium ion concentration,
weak lithium ion interaction with other ions and high densification density [143]. In
addition, aliovalent substitution of Zr by Sb [140], Ta [144], or Nb significantly improve
the conductivity of LLZO through modification of the lithium distribution, as in the case
of Sb, or through the increase of lithium concentration as in the case of Ta [145].
Stabilizing LLZO as a cubic phase is critical in achieving high lithium ion conductivity
and lower activation energy, which is realized by doping Li with Al or Ga. Geiger and
co-workers synthesized the LLZO with aluminum oxide crucible and Pt crucible, the
result showed that the presence of Al stabilized the cubic structure, rendering high ion
conduction in the LLZO [141]. Kotobuki and coworkers using Al2O3 as a sintering
additive during synthesis, it found that impurity phase formation is suppressed when the
sintering temperature decreased. However, with higher Al content, La3+ and Zr4+ ions are
progressively replaced by Al ions, leading to decrease of ionic conductivity. The
substitution of La and Zr with Al ions stabilized the cubic phase and the corresponding Li
ion dynamic is greatly affected [146]. Similar stabilization evidence of the cubic phase
was observed with Ga replacement of Li and Ta substitution of Zr, a garnet with nominal
chemical formula Li6.4La3Zr1.4Ta0.6O12, prepared at 1140 °C, exhibited a bulk
conductivity of 10−3 S cm−1 at room temperature [147,148]. More recently, dual-site
doping technique are widely adopted by different groups in order to achieve high
conductive LLZO through change the Li ion distribution in the crystals [149].
Garnet solid electrolytes have shown exceptional electrochemical stability against Li
metal than the rest oxide solid electrolytes, which make them very promising for
application in solid state batteries [150-152]. Some recent studies, however, show that
garnet is not as stable as claimed if they are cycled at high current density [153,154].
Moreover, garnet solid electrolyte has been reported unstable with high voltage cathode
during high temperature synthesis [155,156].
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Perovskite type electrolyte. Another class of promising oxide solid electrolyte were the
perovskite (ABO3) type oxides, which had been investigated since 1993[157]. The ionic
conductivity of a perovskite electrolyte is closely related to both lithium content and
concentration of A-site vacancies [158]. A-site vacancies allow the lithium ions to move
with a vacancy hopping mechanism between the planar bottlenecks formed by
neighboring oxygen ions [159]. The lithium lanthanum titanates, Li3xLa (2/3)-x / (1/3)-2xTiO3
(LLTO), shows a high ionic conductivity up to 10-3 S cm-1 at room temperature for
x=0.11. Such a high conductivity can be explained by the special crystal structure of
LLTO. As we can see from LLTO crystals in Table 1-1, the A site cations are randomly
occupied by Li and La in cubic phase while the A sites of tetragonal having alternative
arrangement of La rich and Li rich layers along the Z axis. Therefore, tetragonal LLTO
with more A-site vacancies can help the motion of lithium ions in the planar bottleneck
[160].
The bottleneck size could be tuned through the doping of B sites with rare-earth or
alkaline-earth metal ions, an incremental of 4 orders of magnitude is realized [161]. The
substitution of other transition metal ions for Ti are prone for reducing the ionic
conductivity [162]. Recently, Mei and Chen reported that introducing silica to LLZO
was able to modify the grain boundary layer of LLTO electrolyte, which resulted in the
total ionic conductivity to be over 1×10-4 S cm-1 at 25 °C. [143,150]
There are several problems are encountered with LLTO.[163] High temperature sintering
is required for sample preparation and high Li2O losses is observed, leading to difficulty
in controlling Li ion content and ion conductivity. Furthermore, the ionic conductivity of
poly-crystalline ceramics are much lower than that of single crystals because of blocking
grain boundaries. Finally, electronic conductivity is enhanced after Ti4+ reduction at the
interface with metallic Li, so that LLTO is not applicable in combination with reducing
negative electrodes.
Overall, the oxide solid electrolyte shows fair ionic conductivity at room temperature
(maximum 10-2 S cm-1), however, there are several challenges such as the grain boundary
ionic transportation, electrochemical and chemical stability, and mechanical fragile
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properties. All those challenges need facile strategies to resolve, as summarized in Table
1-1.
Table 1-1 Development of oxides based solid electrolyte

1.1.2.2.2.2 Other inorganic solid electrolyte
Sulfide solid electrolyte. The first crystalline sulfide solid state electrolyte, Li3PS4, has
been investigated long time ago, there are three phase of (α, β, γ) observed at different
temperature at a large temperature range. Among the three allotropy, β-Li3PS4 is a high
ion conductive phase with similar structure to γ-Li3PO4 while the rest two phase (α, γ
phase) show low ionic conductivity based on the earlier research [164]. Recently, Liang
and coworkers succeeded in preparing nano-size β-Li3PS4 using wet-chemical method,
which exhibited an ionic conductivity of 10-4 S cm-1 at room temperature [165].
Inspired by the high conductive properties of β-Li3PS4 with γ-Li3PO4 structures (or
LISICON structure), Murayama and coworkers invented the thio-LISICON analogue
system in Li2S-GeS2-P2S5 sulfide electrolyte, which resulted in a structure shown in
[166]. The new so-called thio-LISICON showed a high conductivity up to 2.2x10-3 S cm1

at room temperature, such a high conductive behavior was explained by weakening of

binding Li to host framework and enlarging of ion transport channel for O atom replaced
by S atom [167]. In 2011, Kanno’s group invented a new thio-LISICON lithium
superionic conductor, Li10GeP2S12 (LGPS), offered an unprecedented high lithium ionic
conductivity of 1.2x10-2 S cm-1 at room temperature, making sulfide electrolyte
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comparable to those of liquid electrolyte used in current lithium ion batteries [168]. The
Li10GeP2S12 crystal formed a unique 3D framework structure with one dimensional Li
conduction path along the c-aixs, which could deliver a rapid tunneling of Li that is
verified by theoretical simulation. In 2016, Kanno’ group reported two new superionic
solid electrolytes, Li9.54Si1.74P1.44S11.7Cl0.3 and Li9.3P3S12, by excluding expensive Ge
element. The new designed Li9.54Si1.74P1.44S11.7Cl0.3 sulfide electrolytes showed a high
conductivity of 2.5 x10-2 S cm-1 at room temperature and high stability against Li metal,
which greatly put forward the realization of all solid state batteries commercialization
process [169].
Li3N was one of the first known inorganic solid electrolyte, it showed a high ionic
conductivity of 10-3 S cm-1 at room temperature [170]. The crystal is consists of
hexagonal Li2N layers connected by pure Li layers through the N-Li-N bridges, which
results in a large channels for Li transportation in 2D panels. However, Li3N is hardly
applicable to the solid state batteries due to its low electrochemical decomposition
potentials and poor stability [171].
Recently, a new family of inorganic solid electrolyte named Li rich anti-perovskite,
e.g.Li3OCl, has received much attentions because of their relative high ionic conductivity
of 10-3 S cm-1, low activation energy, wide electrochemical window, low cost of raw
sources [172]. The Li3OX (X=Cl, Br, I) structure bears the same crystalline as the ABO3
perovskite, while the A and B sites are occupied by halogen ions and Li ions,
respectively, which is counterpart with the conventional perovskite (e.g LixLayTiO3)
[172]. To date, there have been several theoretical works on understanding the transport
mechanisms in the Li-rich anti perovskite, which shed insight into the phase stability and
ionic conductivity of the solid electrolyte [172-174]. The stability of Li-rich anti
perovskite over temperature is excellent, but is unstable over applied voltage above 2.5
V, which make them unable to use for high voltage cathode [175]. On the contrary, the
Li-rich anti perovskite Li2OHCl shows an extremely stable interface against Li metal
through self-limiting interfacial reaction [176]. Substitution of F for OH in Li2OHCl
could further increase the electrochemical stability and lithium ion conductivity, the
reason is ascribed to the strong attraction of F ions to Li ions in the structure [177]. More
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recently, Goodenough and coworkers developed a highly conductive electrolyte of Ba/Ca
doped Li3OCl, in the order of 10-2 S/cm. However, there are still some controversial
views about the ion conduction mechanism, which need more experiments to confirm
[178].
Another typical high conductive solid state electrolytes are lithium hydride, which exhibit
very high ionic conductivity, high compatibility with Li metal, high chemical and thermal
stability and preferable electrode/electrolyte interface [179,180]. The most popular
lithium hydride electrolyte is obtained by stabilizing lithium boron hydride (LiBH4) in the
lower temperature region, which is achieved through partially replacement of anion by
halogen ions [181]. Also, some pseudo ternary systems consisting of LiBH4-LiNH2-LiI
are developed, which could reach high ionic conductivity of 2 x10-4 S cm-1[182-184]. In
addition, Li-alanates, LiAlH4 and Li3AlH6, formed by ionic bonding between Li+ and
[AlH4]− or [AlH6]3-, respectively, are prepared as the solid electrolyte [185]. Recently, a
new crystalline phase derived from a 90 LiBH4:10P2S5 composite displays high ionic
conductivity, wide electrochemical window and favorable mechanical properties as a
result of the combination of sulfide and hydride [186]. Like the sulfide electrolyte, direct
contact of a hydride electrolyte with high voltage cathode leads to a high interfacial
resistance, which necessitate the use of an interlayer [187-189].
In Table 1-2, we summarize the current status of the inorganic bulk solid state
electrolyte. Basically, the ionic conductivity of some solid electrolytes have reached the
level of liquid electrolyte. Besides exploring new solid electrolyte system with high
conductivity, the future work of solid electrolyte will be how to design the interface
against electrode for all solid state batteries application. There are also some other solid
electrolytes have shown very promising properties in terms of ionic conductivity, but, we
are limited by the content and will not give all the detailed information about all the
existed solid electrolytes [190].
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Table 1-2 Summary of inorganic based solid electrolyte

1.1.2.3

The development of solid state batteries

With all the progress of solid electrolytes in past decades, their application in the solid
state Li battery system have been keeping up the pace all the time. Different solid state Li
ion battery systems are developed base on the solid electrolytes, such as polymer based-,
inorganic solid electrolyte based- and hybrid solid electrolyte based lithium ion batteries.
In this section, we will list typical examples for solid state LIBs and the related problems
and/or solutions in the development of solid state LIBs. In the following part, we will
give detail descriptions about the development of different solid state batteries and the
challenges need to be solved.

1.1.2.3.1

Polymer based Solid state LIBs

Polymer based solid state lithium ion battery, has been one of the most promising
candidate for application in electronic devices and electric vehicles (EVs) by employing
solid polymer electrolyte [139]. Historically, poly (ethylene oxide) (PEO) based solid
polymer electrolyte was extensively studied for solid polymer lithium ion batteries as
early as 1970s, which was first generation.[140] Polymer based electrolyte shows

30

excellent properties in the aspects of mechanical stability, easy-fabrication, wide
electrochemical window, and high lithium transfer number[141]. The most well-known
example for the application of solid polymer battery is Bluecar developed by Bolloré
Group, in which a unique solid state polymer battery based on PEO electrolyte is
incorporated. In addition to dry polymer solid batteries, there are also good progress in
developing gel-type polymer based solid state batteries, which will be illustrated in
details in the following section. Right now, the commercialization of solid/gel polymer
lithium batteries in consumer electronics has been initiated by company like Sanyo, Sony
and Panasonic since the beginning of this century [142]. As the polymer has presented so
much potentials, which enable us to pay great attention to the detail of this kind of solid
battery.
PEO-based solid state batteries. The development of polymer solid state batteries have
been greatly tribute to the enormous efforts made by M. Armand, has invoked the
intensive research in this field [143]. The first reported polymer solid state battery was
demonstrated with the PEO-LiSO3CF3 electrolyte in 1980s. Although it had poor
conductivity, and the battery was obliged operation at >120 °C, a good cathode utilization
was obtained, even the capacity faded substantially over 50 cycle [140]. With the
optimization of lithium salt, the polymer, the additive and the process, operation
temperature of polymer solid batteries has been decreased to 60 °C, however, the
operating temperature for PEO based solid batteries are kept at this level without any
obvious improvement[144,145]. The main challenge and issues for the PEO based
polymer solid batteries are lower ionic conductivity, interfacial resistance and the narrow
electrochemical stability window [141]. To address those problems, different
methodology have been proposed. The foremost step is to improve ionic conductivity of
the polymer electrolyte, which has achieved great progress in last decades. In 2005, a
nano-structure PEO based solid polymer showed high ionic conductivity of 2x10-4 S cm-1
at room temperature, which was cycled in LiCoO2/Li cells and 100 mAh g-1 was
sustained after 100 cycles[146]. In 2013, Armand and his coworker developed a single
ion BAB triblock copolymers electrolyte with PEO backbone, the new electrolyte
presented high lithium ion transfer number and exhibited excellent cycle ability and rate
capability [147]. In the following years, there is a trend in synthesis single ion polymer
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electrolyte for solid polymer batteries [148]. Although the PEO based polymer solid state
batteries need warm operation temperature, the EVs producers and battery manufacturers
are still attracted by the unique concept of safe and long-standing solid polymer batteries
[149-151]. Therefore, searching for better solid polymer batteries will still be a focus in
solid state battery study.
Novel dry polymer solid state batteries. Although the PEO-based polymer batteries
achieved great success, they still suffer from the limited ionic conductivity at room
temperature and risk of side reactions with electrode. Novel polymer system based
batteries are developed to mitigate some of the issues. Typically, the polymer electrolytes
that have received much attention include polycarbonate based -, polysiloxane based-,
and plastic crystal based solid polymer electrolyte [152]. Among them, polysiloxane
based polymer electrolyte was investigated first by combining it with ethylene oxide,
which showed ionic conductivity of 2.6 x 10-4 S cm-1 at room temperature, and a wider
electrochemical window by CV test [153]. The polysiloxane polymer electrolyte was
tested in 4 V layered cathode (LiCoO2) and 3 V LiFePO4 cathode with Li metal as anode,
excellent cycle performance were obtained even after 100 cycle at high rate of 1C[154].
Polycarbonate based polymer electrolyte was developed in 2014 by Sun and coworkers,
the poly (trimethylene carbonate) as host showed wider electrochemical window but low
ionic conductivity [155]. The solid LiFePO4/Li cell assembled with the copolymer
electrolyte showed 150 mAh g-1 at 0.05 C, which was very stable in long cycle [156].
Recently, a new polycarbonates, poly (propylene carbonate) (PPC), has been extensively
investigated. The PPC based electrolyte shows outstanding cycle performance in
LiFePO4/Li and LiFe0.2Mn0.8PO4/Li cells without obvious capacity fading and Li dendrite
growth [157].
The most well-known plastic crystal based polymer electrolyte is succinonitrile (SN)
plastic crystalline as polymer ingredients with combination of lithium salt, which could
show ionic conductivity of 10-3 S cm-1 at room temperature. Armand and his coworkers
discovered the SN polymer electrolyte, and used in the LiFePO4/Li4Ti5O12 and LiCoO2/
Li4Ti5O12 cells [158]. Due to its excessively plastic and susceptible to deformation under
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low external stress, SN polymer electrolyte has been widely used in flexible all solid state
Li ion batteries [159].
Gel-polymer based solid state batteries. In addition to the dry polymer electrolyte, gelled
polymer electrolyte also gain much scientific attention for polymer batteries, such as
poly(acrylonitrile) (PAN), poly(vinylidenefluoride) (PVDF) and its copolymer with
hexafluoropropylene (PVDF–HFP), poly(vinyl chloride), and poly(methylmethacrylate)
[160]. The solid polymer batteries based on the gel polymer show higher ionic
conductivities than dry polymer electrolytes, because of incorporation of liquid
electrolyte in the host. Therefore, it enable the gel polymer application in all the battery
configuration used in common liquid cell, ranging from LiFePO4 to LiNi0.5Mn1.5O4 [161].
Similar to the dry polymer electrolyte, gel polymer electrolyte alone cannot fulfil the
requirements of the application in solid batteries. In real application, fillers are introduced
for better ionic and mechanical properties, which direct the development of composite gel
electrolyte [162]. More information about the details of the solid dry and gelled polymer
electrolyte will be thorough illustrated in the polymer electrolyte part, we will not discuss
in this section again.
Active materials. After the first tried out of lithium metal as the anode by Armand [143],
majority of the research done were followed by using Li metal to demonstrate the
advantageous of polymer electrolyte. Carbonaceous anode materials such as graphite has
been investigate under the safety consideration of lithium metal [150,163], LTO anode
used for the similar reason [191]. Composite anodes of Li nitride and metal oxide have
been proposed by some groups with increased discharge capacity than carbon materials
[142]. On the other hand, various cathode materials have been tested, starting from
simple oxide like vanadium oxide to current high voltage cathode of LiNi0.5Mn1.5O4 and
so on [192]. Due to the instability at high voltage, 3V class LiFePO4 cathode with
minimal side reaction shows excellent cycling stability in all the prototype batteries
[193]. This obstacle of pure polymer electrolyte intrigue the development of the hybrid
solid electrolyte based batteries, which will be discussed in the following section. To
alleviate the side reaction to high voltage cathode like LiCoO2, interface modification on
cathode or electrolyte are expected [194-200]. For more information about the electrode
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for solid state batteries could be obtained in the previous review papers, and it will not be
presented here [148,201-204].
Room temperature solid polymer battery. The solid polymer batteries that can work at
room temperature and compatible to high voltage cathode should be the main target in the
future. Recently, there are already some good results obtained in several groups on
fabricating polymer solid batteries which can work well at room temperature. Take
polycarbonate as example, two kinds of polymer electrolytes, cellulose supported poly
(propylene carbonate) and poly (methylethyla-cyanoacrylate), both have showed good
cycling stability with LiNi0.5Mn1.5O4 at room temperature, as developed by Cui’s
group[164,165]. In addition, a hierarchical solid polymer electrolyte based on nitrile was
prepared via in situ polymerization (SN polymer electrolyte), which showed outstanding
electrochemical performance for the assembled LiFePO4 /polymer electrolyte/Li cells at
room temperature [205]. Moreover, solid polymer batteries based on the single ion
polymer electrolyte have attract great attention for high lithium ion transport number
close to unity, excellent mechanical properties and wide electrochemical stability
window, as we discussed polymer electrolyte part[147]. Single ion gel polymer
electrolyte based battery was examined at room temperature, the cell could reach almost
the theoretical capacity of LiFePO4 and demonstrated good rate capability [206].
After the great efforts in developing high ion conductivity polymer electrolyte system and
the reduction of interface side reaction, solid polymer batteries have achieved great
success [207]. Now, polymer batteries have been sufficient for most of the portable
electronic application, and some transport application with the coupling of other energy
storage system like supercapacitors [141,148,152,192]. However, searching new solid
polymer systems with new conduction mechanism, new composition and high energy
density are still important for large application with high energy density and long cycle
life. Recently, the new concept of flexible solid polymer batteries, 3D solid polymer
batteries have gain enormous interest [208,209]. The flexible solid polymer battery is
critical for flexible electronic device, therefore, developing advanced solid polymer
batteries with higher energy density are necessary for longer life span.[166] Also,
building a 3D structure may solve the high operating temperature of solid polymer
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batteries by reducing the lithium transport path, which will be a future direction for solid
polymer batteries [167,210].
Polymer based solid state lithium ion batteries are very promising for future application
in EVs because of the merits of polymer electrolytes. We have summarized the status of
solid polymer batteries in Table 1-3. Although the polymer solid batteries make
impressive progress, there are still some challenges. As shown in the discussion, the sidereaction of polymer molecular are detrimental to the cycle stability of polymer based
solid state batteries, especially in high voltage cathode. Another potential risk is the
formation of dendrite, which may be a severe obstacle for the spread of solid polymer
batteries. Currently, those problems are solved by coating technique or composite
electrolyte, there are still more work to be done for achieving higher energy density solid
batteries.
Table 1-3 Development of polymer based solid state battery

1.1.2.3.2

Bulk Inorganic Electrolyte-based Solid state LIBs

Bulk inorganic electrolyte based solid state lithium ion battery has long been considered
as one of the safe lithium ion batteries because it is tolerant to high temperature and
capable of preventing Li dendrite formation [152]. There is long history for battery
scientists of finding a solution to build the bulk inorganic solid state lithium ion battery.
The key is the discovery of high ionic conductive and chemical stable inorganic solid
state electrolyte with wide electrochemical stability window.
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The development of inorganic solid state battery is synchronized with the advancement in
solid state electrolyte. Inorganic electrolytes, both the oxide and sulfide electrolyte,
usually need long-time optimization before applied in the solid state batteries. The most
popular oxide solid electrolyte is LLZO, for its high stability against Li metal [168].
NASICON also attracts much attentions in the current research as it is a mature solid
electrolyte, and able to scale up [211]. Sulfide electrolytes have transformed from the
simple glass to glass-ceramic after the numerous efforts made by materials scientists in
past decades[15]. One of the most promising electrolyte is Li7P3S11, which is precipitated
from Li2S–P2S5 glass ceramic, shows a high conductivity close to liquid electrolyte.
Crystalline sulfide like superionic LGPS series, thio-LISICON, and argyrodites type
sulfide already become mainstream in 2010s, their high ionic conductivities enable the
achievement of high discharge capacity [14]. There are a series of overviews on the
inorganic lithium ion conductors published by different groups, and some comprehensive
reviews about typical structured lithium ion conductor [12,13,182,212-215]. Also, we
give the summarized information about the chemical composition, crystal structural and
electrical properties of the inorganic conductor in the inorganic solid electrolyte section
above. Therefore, we do not want to talk more information in this section.
Oxide based solid state batteries. Back to 1990s, oxide solid state lithium ion batteries
were fabricated using perovskite type LLTO as the electrolyte, with thin film Li4Ti5O12
and LiCoO2 as the cathode, which showed a limited discharge capacity (40 mAh g1

)[216]. Then, a second ion conductor 0.44 LiBO2·0.56 LiF as sintering additive was

adopted to reducing the high temperature process in densification of the oxide solid state
batteries. The first monolithic all solid state battery with Li4Ti5O12/ LATP/LiMn2O4 was
investigated by Brike and coworkers, the battery only showed a limited capacity due to
the low ionic conductivity[217]. Different solid state batteries were fabricated based on
the NASICON electrolyte by deposition thin film electrodes, which could deliver
reasonable capacities at low current density [218-220]. Their results indicated that the
interface in the oxide based solid state batteries play a decisive role in electrochemical
reaction process.
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In order to fabricate a solid state battery with good performance, the choice of electrode
is important. Due to the instability of the Ti4+ in LATP against Li metal, therefore, spinel
Li4Ti5O12 is widely used as the anode as we mentioned [217]. If Li metal is expected,
there is a need to modify the interface. To solve the problem of Li metal reduction, a
PEO-based solid polymer electrolyte is usually inserted between the oxide electrolyte and
Li metal anode [218,221]. Another problem during the sintering of the oxide based solid
state lithium ion battery is solid state reaction between solid electrolyte and electrode,
forming an ion-blocking interface [222]. One possible solution is constructing the
batteries with similar chemical compounds. Therefore, one all-phosphate solid state
battery was fabricated, and the interface was found to be electrochemically active [222].
Spark plasma sintering and/or hot pressing were applied to reduce the fabrication
temperature because of effectively densification process. Kobayashi and coworker
fabricated a Li3V2(PO4)3/Li1.5Al0.5Ge1.5(PO4)3/ Li3V2(PO4)3 symmetric battery (LVP as
cathode and anode )by hot-press sintering of the screen-printed electrodes on the assintered dense electrolyte pellet, a process that could effectively separate the electrolyte
densification process from the electrolyte/electrode sintering process [170]. Moreover,
the clean interface created by the fast sintering process of spark plasma sintering (SPS)
could facilitate the lithium ion transport across the electrode/electrolyte interface, as
demonstrated by Aboulaich and coworkers [171]. The SPS fabricated Li3V2
(PO4)3/Li1.5Al0.5Ge1.5 (PO4)3/ LiFePO4 solid battery delivered 80 mAh g-1 at 0.05 C rate,
which was acceptable for solid battery.
After the discovery of garnet electrolyte in 2008, a solid state battery was fabricated by
deposited thin LiCoO2 on the Nb doped LLZO by Ohta and coworkers, the Li metal was
used as the anode [172]. Later, they used Li3BO3 (LBO) as sintering additive to reduce
the heating temperature, allowing fabrication of LLZO/LCO cells at lower temperature
[173]. By addition of Li3BO3 and Al2O3, co-sintering of Al-doped LLZO/LCO was
successfully prepared at lower temperature by simultaneous inter diffusion of Al element
between garnet oxide and additives [174]. To reduce the solid state diffusion length
between electrode and electrolyte, 3D porous scaffold solid electrolyte was build. The
electrode materials were then filled into the pores using wet chemical method followed
by heat treatment, which resulted in lower sinter temperature and good
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electrolyte/electrode contact, as illustrated by Kotobuki and coworkers [175,176]. Due to
the sensitivity of LLZO against environment, such as the moisture and carbon dioxide,
the solid state batteries with LLZO electrolyte are unstable after assembled [177]. Li and
coworkers proposed that incorporation small amount LiF into garnet LLZO electrolyte
could effectively increase the cycling stability by reducing side reaction [178]. Until now,
oxide solid state batteries still face great challenges, which need the continuous efforts
from both materials and novel fabrication process or design. In 2016, Rupp and
coworkers fabricated the Li/LLZO/LNMO solid battery via direct slurry casting,
however, the interfacial impedance was too big to get a good electrochemical
performance [179]. Hu and his coworkers developed a novel solid battery with
Li/LLZO/Li2FeMn3O8 by wetting the interface with small amount of liquid, which
showed a capacity of 120 mAh g-1 at 0.1 C for 50 cycles [180], which had a great
potential for achieving high energy lithium ion batteries.

1.1.2.3.3

Hybrid electrolyte based Solid-state LIBs

Hybrid solid state electrolytes, which mean the composite of gel/solid polymer
electrolyte, inorganic solid electrolyte with each other and/or combination of active or
non-active fillers in one system [223]. Hybrid solid state electrolyte could take
advantages of every single electrolyte and compensate each other regarding their
drawbacks, ultimately improving the electrochemical performance of the battery.
However, it is out of the scope of this thesis to discuss all the available hybrid electrolyte
based solid state lithium ion batteries. Instead, we will only focus on the application of
hybrid electrolyte composing of polymer electrolyte with inorganic fillers, and the
composite of polymer with fast ionic conductors for solid state batteries.
As known to all, most of the polymer electrolytes are easily decomposed at high voltage,
if we can incorporate the oxide solid electrolytes, which will enable them compatible
with high voltage cathode [224]. Oxide electrolyte/electrode interfaces are major issues in
battery fabrication process, it is hard to reduce the solid-solid interface by themselves.
Considering flexibility of polymers, incorporating or mixing polymers with oxides are
effective to reduce the interface resistance in oxide based solid state batteries [225].
Although the sulfides electrolytes are easily deformed under pressure, the interface of
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sulfide is unstable against some oxide electrode, which may be resolved by combining
them with oxide electrolyte [226].
PEO with inorganic fillers hybrid electrolyte based solid batteries. Polymer electrolytes
generally suffer from low conductivity at room temperature, therefore, the increase of
conductivities by fillers are adopted. For this purpose, Li3N and LiAlO2 with high ionic
conductivities were proposed as the filler in PEO based polymer electrolyte to improve
the ionic transport properties in 1990s [145,227]. Both hybrid electrolyte based batteries
were cycled with reasonable discharge capacities with long cycle life at evaluated
temperature [145,228]. Scrosati and co-workers demonstrated a high ionic conductivity
electrolyte, nanocomposite polymer electrolyte, with the nanometer-size ceramic powders
(e.g. nano-ZrO2) as solid plasticizers for PEO in lowering the crystallization temperature,
the Li/PEO hybrid/LiFePO4 battery cycled for 260 cycles without capacity fading [224].
Cui and coworkers prepared a hybrid electrolyte by in-situ synthesis of nano-silica in
PEO polymer, the final electrolyte exhibited a high ionic conductivity and wider
electrochemical stability window [167]. After assembled into Li/LiFePO4 cell, 120 mAh
g-1 was reached at high temperature after 100 cycles at 1C. The oxide ceramic additive
was further extended to ferroelectric ceramics (e.g. BaTiO3) because the ferroelectric
ceramic with the permanent dipole that is beneficial for ion conduction [229]. In recent
years, carbon naotubes (CNTs) [230], clays [231], molecular sieves [232], zeolites [233],
and metal organic frameworks (MOFs) [234] with specific structure and components are
used as the additive to enhance the total conductivity of composite electrolyte by creating
more or low energy conduction paths.
Combine the fast ion conductor with polymer electrolytes are the current trend in hybrid
electrolyte based solid batteries, which could result in high ionic conductivities, high
mechanical strength and free-of lithium dendrite formation [235-240], Jung and
coworkers prepared a hybrid electrolyte of PEO-LAGP, the solid state Li/hybrid
electrolyte/LiFePO4 cell delivered an initial capacity of 137.6 mAh g-1 and good cycling
stability [239]. Choi and coworker incorporated a tetragonal LLZO solid into PEO
matrix, the cells consisted of Li/LiNi0.6Co0.2Mn0.2O2 showed a discharge capacity of 180
mAh g-1 at 55 °C [241]. In 2016, Hong and coworkers studied the size effect LLZO in Li
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salt free PEO polymer electrolyte, and it was found that nano-size LLZO (40 nm) was
able to increase the ionic conductivity to 10-4 S cm-1 [242]. Two phosphate cathode
materials were investigated in cells, a high voltage LiMn0.15Fe0.85PO4 cathode delivered
118.2 mAh g-1 at 0.1 Cfor 200 cycles. Due to the high ionic conductivity of sulfide
electrolyte, Xu and coworkers prepared the PEO-LGPS hybrid electrolyte, batteries of
Li/LFP and Li/LCO were fabricated [237]. The first group cell delivered a capacity of
158 mAh g-1 at 0.1 C and a capacity of 150 mAh g-1 was kept after 50 cycles, while the
4V LCO cathode showed bad electrochemical performance. Due to low cathodic
stability of PEO based electrolyte, developing a polymer with wider electrochemical
stability window is still on-going [165,243]. In 2016, Goodenough and his coworkers
developed a sandwich structured PEO-LATP (LLZO)-PEO electrolyte, this architecture
could reduce the double layer electric field at the Li polymer interface. Therefore, a
notably high coulombic efficiency was obtained over 640 cycles in Li/LFP cells at 0.6 C,
with a discharge capacity of 102 mAh g-1 [235]. To increase the interfacial stability, the
same group developed the LiZr2 (PO4)3 electrolyte hybridized with PEO polymer
electrolyte, and the all solid battery of Li/LZP-PEO/LFP showed a high capacity of 145
mAh g-1 at 0.05 C [244]. In 2017, Wen and coworkers assembled all solid battery with a
thickness of micrometer with LLZO-polymer electrolyte, which showed a capacity of 150
mAh g-1 at 0.05 C for 100 cycles [245]. Nitash’s group developed a copolymer solid
polymer electrolyte based on PEO, polystyrene-block-poly (ethylene oxide) (SEO),
which was more stable than the PEO electrolyte.[246] More importantly, a startup Seeo
Inc was established in 2007 based on this invention and was bought by Bosh in 2015.
Recently, the same group developed a new polymer named perfluoropolyethers (PFPEs),
which had surprising miscibility of PEO. After assembling battery with Li/NMC cathode
with this new electrolyte, a high capacity of 145 mAh g-1 at 0.05 C was obtained [240].
Novel-polymer based hybrid solid batteries. Aside from PEO based hybrid electrolyte,
composite polymer electrolytes based on other polymers are widely studied. Here we list
some recent progress of the solid batteries based on some popular polymers. Pan and
coworker prepared a facile polymer electrolyte with inorganic polyhedral oligomeric
silsesquioxane (POSS) as the cross-linker and the poly (ethylene glycol) (PEG) as the
lithium ion solvating polymer with on pot reaction. Application of this hybrid electrolyte
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in Li/LFP cell resulted in a capacity of 160 mAh g-1 at 0.5 C, which was higher than most
of reported 160 mAh g-1[247]. Tsao and Luo developed a cross-linked hybrid composite
of poly (dimethylsiloxane)/polyacrylonitrile/poly (ethylene oxide) (PDMS/PAN/PEO), a
solid battery with this electrolyte showed 150 mAh g-1 at 0.1 C and 114 mAh g-1 at 3 C
for LFP cathode [248].
Polycarbonate based polymer electrolyte has been claimed to be the most promising
polymer electrolyte for high voltage cathode [155,249]. Inspired by the Chinese
traditional idea, taichi, Cui and coworkers proposed rigid-flexible coupling concept and
developed a highly promising hybrid electrolyte called CCPL [250]. The CCPL
electrolyte in an assembled Li/LFP battery could be cycled for 1000 cycles with a
capacity retention of 88% in pouch cell. In 2015, they developed a solid battery
composed of LFP cathode and poly (propylene carbonate) electrolyte, the cells was able
to cycle at 120 °C for 500 cycles. A high voltage LiFe0.2Mn0.8PO4 cathode was tested,
96% capacity retention was obtained after 100 cycles at 20 °C [243]. Spinel cathode of
LiMn2O4 and LiNi0.5Mn1.5O4 were stablized for the first time by the use of rigid flexible
hybrid polymer electrolyte (CCPL electrolyte), and the assembled solid battery showed a
better cycle performance and rate capability than the liquid electrolyte based cell
[165,166]. In 2016, Cui and coworkers prepared a poly (vinylene carbonate) electrolyte
(PVCA) based electrolyte via in-situ polymerization of vinylene carbonate, the monomer
was a typical additive in liquid electrolyte. The new electrolyte enabled the use of
LiCoO2 as the cathode, which presented a discharge capacity of 146 mAh g-1 at 0.1 C in
the initial cycle and retained 84.2% after 150 cycles [251]. In 2017, a hybrid of
polycarbonate with LLZO free-standing electrolyte is prepared by the same group, solid
state LFP/Li cell with the electrolyte retained 95% of the initial capacity after 200 cycles
at 1 C. Moreover, a flexible battery LFP/LTO based on the hybrid electrolyte exhibited
an excellent rate capability and superior cycle stability of 800 cycles [252]. Goodenough
and coworkers fabricated a sandwich polymer/ceramic/polymer electrolyte, and the solid
state Li/LFP cell showed a very high columbic efficiency of 99.8–100% over 640 cycles
[235].

41

Gel-polymer based hybrid solid batteries. Those improvements in dry polymers have
enabled the real application of solid batteries with hybrid polymer electrolytes. Besides
dry polymer electrolytes, several hybrid electrolytes based on gel polymers also achieved
high performance in solid batteries. For example, a PAN-LLZO hybrid electrolyte was
applied in a 12 V bipolar battery with configuration of Li4Ti5O12/LiFe0.2Mn0.8PO4, the
fabricated cell exhibited an excellent performance in terms of discharge capacity, rate
capability, operating temperature and long-term cyclability [253]. Wu and coworkers
prepared a composite based on PVDF and lithium polyvinyl alcohol oxalate borate,
which exhibited high ionic conductivity, high transfer number and high chemical
stability. After evaluation using LFP cathode, the assembled solid battery showed a
capacity of 130 mAh g-1 at 0.1 C [254]. There are numerous hybrid electrolytes batteries
in the past few decades, however, it is beyond the scope of this thesis to list all the
literatures. The detail information about the development of the hybrid electrolytes are
summarized in several reviews [145,152,227,255,256].
Active materials. In the past decades, the active materials in hybrid electrolyte based
solid batteries experienced great change. Layered cathode LiCoO2 was first applied in
hybrid gel electrolyte with molecular sieves as additive by coupling of Li anode, which
broke the limitation of polymer batteries compatibility of phosphate cathode [255].
Another layered cathode of Ni rich LiNi0.8Co0.2O2 was demonstrated to be stable in
BaTiO3 added PEO composite electrolyte in several groups, and good stability were
achieved [257-259]. In 2011, NMC cathode with high capacity was investigated in
lithium borate modified PEO composite electrolyte, and an excellent discharge capacity
was obtained [260]. However, there is still big room in improving the bulk and interfacial
properties of the composite electrolytes for the 4 V layer structured cathode, e.g., the long
term stability, the use of high Ni content NMC cathode[159,261-263]. Spinel structure
LiMn2O4 and graphite cell was investigated in PEO based hybrid solid electrolyte by
incorporating sulfide glass, it showed a high cycle stability and good cycle performance
[264]. Pioneering work done by Appetechi and co-workers using lithium gammaaluminate as ceramic filler in PEO based electrolyte was proved to be successful in
enhanced the electrolyte stability against LiMn2O4 cathode, as well [228,265]. A PAN
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based electrolyte was modified by ceramic fillers, and it was stable against high voltage
LiNi0.5Mn1.5O4 at 5 V level [266].
Doubtless, most successful applications of hybrid solid electrolytes were realized in
olivine family. LiFePO4 cathode outperformed the rest cathodes in terms of the
electrochemical performance and cycling life span [267]. Therefore, Toshiba was
planned to commercialize a 12 V solid batteries based on LLZO modified PAN based
hybrid electrolyte with phosphate cathode [253]. The detailed study on the interfacial
stability against both lithium anode and olivine cathode have been reported in the last
decade in different groups, we therefore will not give more information here [193,268271]. In addition, the development of new electrolytes for olivine cathode were
conducted to improve the electrochemical performance, including composite with lithium
conductor, addition of mesoporous fillers, synthesis new lithium polymer host etc.
[237,239,272-275]. Actually, the cell used by Bluecar is a PEO polymer battery with
incorporation of inorganic filler to improve the conductivity and safety.
Except the popular Li metal and graphite anodes [276,277], transition metal oxide hosts
were adopted in hybrid electrolyte for their high discharge capacity [278]. Nano-size
metal oxide coupled with LiFePO4 cathode in hybrid electrolyte resulted in low working
voltage and low capacity [279]. Carbon coated silicon dispersed in carbon paper was
examined, which exhibited a high discharge capacity and good stability[280], In the
anode side of hybrid solid batteries, it still have the risk of lithium dendrite formation
during repeated cycling process, which could result in short circuit as in liquid batteries.
Therefore, reduction or elimination the lithium dendrite formation were intensively
studied in this field, which will still be a direction in the near future [243,276,281].
Hybrid electrolyte base solid batteries have received increasing attentions in recent years,
some problems existed in the single electrolyte system were effectively solved. The
development of typical hybrid solid batteries could be summarized as in Table 1-4,
which gives a detail information. More importantly, several startup companies with
hybrid solid battery technology have received great attention. Both SEEO Inc. and Solid
Energy systems Inc. have claimed that they could use Li metal as the anode for high
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energy solid state battery, and have presented some demo batteries. In china, the
government has a plan to commercialize the solid state batteries in 2030, maybe the first
prototype comes from hybrid electrolyte based battery [181]. In addition, there is a trend
in making flexible batteries, printable and/or 3D batteries based on the hybrid solid
electrolyte [282,283]. Flexible composite solid electrolytes have been successfully
prepared using different method [164,166,250,284]. Kim and co-workers demonstrated a
printable solid state battery through simple stencil printing process followed by
ultraviolet cross-lining step [283]. Fu and co-worker incorporated a garnet fiber network
into polymer electrolyte to form a flexible 3D composite electrolyte, which was effective
in blocking lithium dendrites [282].
Table 1-4 Development of hybrid based solid state battery

The development of hybrid electrolyte based solid batteries will still be hot topics in the
future, as the current electrolytes are still far away from requirement for large energy
storage applications like EVs. One of the big challenge is the manufacturing hybrid
electrolyte which presents high ionic conductivity at room temperature, most of current
composite electrolyte based solid batteries still need high operating temperature. The
other challenge is hybrid solid electrolyte with two or more components leading to more
interfaces. As the stability of each interface could influence the cycle life of the solid
state battery, more interfaces means the system becomes more complicated. How to
simplify the composition of the hybrid electrolyte with optimal bulk and interfacial
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properties will be a big issue. Nevertheless, hybrid electrolyte based solid batteries are
open to all the possibility, which definitely will achieve great success in the future.

1.1.3
1.1.3.1

Surface and interface chemistry in LIBs: Challenges and
solutions
Surface and interface chemistry in LiFePO4

Theoretically, the P-O covalent bonds in LiFePO4 (LFP) make it very stable.
Nevertheless, the real LFP does not always exhibit superior stability against environment
as expected. Capacity degradation occurs during electrochemical cycling, as a result of
moisture contamination [105-109]. Numerous studies on understanding the surface
chemistry change or aging process under moisture containing circumstance such as
storage and electrochemical working conditions [105-109]. Additionally, LFP is under
strong reducing atmosphere and high temperature during carbon coating process, possible
surface chemistry changes of LFP could be interesting. The surface or interface inbetween carbon layer and bulk LFP will directly have an impact on the electronic and
ionic conductivity [285].
In this section, I will focus on the understanding of surface chemistry stability of LFP in
ambient environment and surface chemistry change during high temperature coating
process.
Surface modification. Numerous previous studies show that the surface properties of
LFP is important in achieving a good performance. Stabilization the surface of LFP with
carbon coating and/or other conductive coating has been widely investigated. The most
sophisticated technique is carbon coating, and there is a review published Wang et al.
recently on the full understanding of the carbon coating [11], it covers the details about
the carbon coated LFP. Recently, Tan et al coated novel glassy lithium phosphate on
LFP by sputtering [286]. The result showed a higher reversible capacity, stable cycle
performance and improved power capability for coated LFP. The reasons were ascribe to
increasing of the lithium ion diffusion, extending the electroactive zone and facilitating
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the transfer kinetics. In addition, this lithium excess material could offer an extra lithium
capacity and maintains the electrode structural integrity. This example illustrated that
lithium diffusion kinetic at the interface was key to the rate capability of LFP materials.
To increase the lithium diffusivity of LFP electrode, Wang et al. mixed the micro scale
LFP with some anion absorbents, the results showed that even the larger sized particles
could reach a good fast charging ability as the lithium diffusion was improved [287].
According to the crystal structure of LFP, the lithium ion path is along the [010]
direction. LFP nano-sheets with exposed (010) facets usually show higher discharge
capacity. However, the irreversible capacity loss at high rates still exists, thus, the surface
stabilization is needed. Paolella et al. treated the LFP nanosheet surface with organic
surfactants, and then removed the residue ligands with lithium hexafluorophosphate
(LiPF6) to get a surface roughening nanosheets [288]. The etched LFP nanoplatelets
showed significant improved capacity retention and remarkable rate capability, which
was attributed to the stable exposed surface by surface treatment. The aforementioned
examples suggest that surface properties of LFP is critical, more attention should be paid
to the surface in synthesizing LFP materials.
Surface chemistry-carbon coating on bulk LFP. Carbon coating can effectively increase
the conductivity and stability of LFP electrode. Nevertheless, due to the strong reducing
environment during carbon coating at high temperature, whether the surface chemistry of
LFP during carbon coating undergoing change is still unclear [289]. With a LFP ingot flat
sample, Wang et al. recently found a direct evidence about the influence of carbon
coating process on LFP surface. A size-dependent new phase on LFP was discovered
during carbon coating process. The new phase, Fe2P2O7, is electrical and electrochemical
inert phase. It is observed clearly on the very surface of LFP ingot, shown in Figure 1-8.
This surface underwent melting and re-crystallization during high temperature carbon
coating process, resulted in precipitating of this phase from the molten ingot with offstoichiometry, accompanying loss of Li2O [11]. Even at temperature as low as 650 oC,
the new phase began to occur, which was a comparable coating temperature to industry
process (700 oC). Nano-sized LFP, however, exhibited much higher stability during
carbon coating process. Even increasing the temperature to 1000 oC, no impurity phase
was found in the LFP nano powders, which was ascribed to the strong catalytic ability of
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surface iron atoms on LFP that accelerating the deposition rate of carbon, leading to
quick formation of thick protection layer and further limiting the interaction of
hydrocarbon and LFP. Still, the size effect is not totally defined, the optimal size for the
industrial production of large scale pure LFP need further investigation. There should be
a trade-off between high tap density and high energy density electrode and high purity
electrode because of the impurity surface phase formation [11].

Figure 1–8 Surface chemistry: Impurity phase formation. (a–d) SEM image of
surface phase formation on LiFePO4 after carbon coating. (e) Schematic representation of
surface phase formation on LiFePO4. Scale bar, 1 mm (a), 500 μm (b), 100 μm (c) and 1
μm (d). [11]
Surface chemistry-ageing and storage. The relationship of LFP surface change during
aging and storage with electrochemical performance of LFP is particular important. Base
on the structural and theoretical calculations, the LFP is highly stable during
electrochemical cycling. Unfortunately, the performance degradation during long term
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cycling or storage is observed by many groups, especially at high temperature. Although,
no solid conclusion is made, it is believed that iron dissolving plays a key role. When the
LiPF6 encounter with trace of water, it begins to decompose into acidic HF and PF6,
leading to iron dissolution and then capacity loss of LFP electrode [105-109,290-294].
High temperature accelerate the decomposition rate and enhance the corrosion effect on
LFP surfaces.
To clarify the effect of ambient environment, LFP or Carbon coated LFP are investigated
against water or moisture. According to Porcher et al. [108,291], it was found that a thin
Li3PO4 layer was appeared at the LFP surface when immersing them into water,
accompanying with the increase of Fe3+ percentage in the particles. The detailed
experiment on the immersion time, pH, and LFP concentration all had impact on the
dissolution rate. If the experiment time scale was only 1 day in air, there was only smaller
change on the surface and the effects could be removed after first cycle. Whether the
side-effects originating from the humidity of the ambient atmosphere, or oxygen, and
lithium reaction with many components of atmosphere, are still unclear.
Zaghib et al. systematically studied the carbon coated LFP exposure to water with
different time scale [109]. Unfortunately, the carbon layer was found to be of no help
and did not keep the particles unchanged against humidity. Figure 1-9a showed the
moisture content of several C-LFP samples as a function of times exposure, and the
reactivity was irrelevant with size. The moisture content increased rapidly and then
saturated after one day. The absorption of water was related to the extraction of lithium
from the surface layer, to react with H2O. As there was CO2 in the moisture air, lithium
carbonate was formed afterward. The reason why the water was saturated was related to
FePO4 formed on the surface, which was hydrophobic. Electrochemical performance of
C-LFP was decreased as the carbon layer was peeled off from the particle. It is then
mandatory, but also efficient, to store the powders in a dry chamber to prevent any
deterioration, according to the research.
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Figure 1–9 Surface chemistry: Aging on LFP in moisture (a) and liquid electrolyte
(b). [11,109]
Recently, Cuisinier et al. directly observed the formation and growth of a disordered
ferric phosphate phase from the surface of particles toward the core at higher temperature
[105,293]. A tavorite LiFePO4 (OH) phase was detected through advanced
characterization, therefore, the correlation of the amounts of ferric phase and hydroxyls
groups in aged samples and specific capacity of the corresponding electrode was
established. Furthermore, the iron can move toward the negative electrode, resulting in
the formation of solid electrolyte interphase (SEI). It leaded to further capacity loss and
serious safety issues.
In the case of LFP immersing in liquid electrolyte, surface layer consists of salt based
products, LiF, LiPF6, and LixPOyFz rather than lithium carbonate. The amount of those
species increased as the temperature went higher. [292,295]. The dissolution of iron from
LFP was observed as well, the accumulation of metal species was severe at evaluated
temperature. Thus, the electrolyte for LFP electrode should be acidic and aprotic
contaminants free. Elongating the soaking time in electrolyte, an interphase was observed
by NMR experiment. The formation of interphase was one of the reason of capacity
fading during aging process [106].
Although these outstanding work for the understanding of the aging behavior, the surface
chemistry change during aging is hard to confirm due to the complex process and the
small amount of the interphase. Wang et al. recently presented a direct experiment to
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observe the surface aging process and iron dissolution of LFP ingot [296]. Taking the
advantage of flat surface, the iron dissolution and surface chemistry change were clearly
observed. Besides, the results also concluded that there was some connection between
surface aging and impurity phase. The impurity phase not only decreased the utilization
of active LFP, but also affected the surface aging process. Iron rich impurity phases in
LFP were seriously corroded initially due to the lower corrosion potential, which in turn
inhibited the corrosion of adjacent LFP bulk. On the contrary, phosphorous rich impurity
phase in LFP was more stable, but it resulted in the corroding of adjacent LFP bulk
materials [297]. Recent research showed that the carbon layer here could protects LFP
from direct contact with corrosive medium, effectively restraining the surface corrosion
and preserving the initial surface of LFP, as shown in Figure 1-9b [249]. This hypothesis
was confirmed by the Fe K-edge XANES change during aging, there was a clear shift in
the spectra on the bare LFP due to oxidation of Fe2+ to Fe3+. In contrast, no iron state
change observed for the carbon coated sample, indicating the excellent protection of
carbon on LFP surface.
Although carbon coating could protect the LFP from corrosion, there were some
challenges in the long term cycling based on Nagpure et al studies [298]. Observation of
a porosity change leads to change in the interface carbon coated LFP nanoparticles. .
Hence, pore size distribution, pore interconnectivity and tortuosity of cylindrical cell
attracted intensive attention. They performed an X-ray micro CT technique to study the
porosity and phase fraction evolution with aging [298]. Although the lattice difference
was small between LFP and delithiated FP, there were still ~7% volume change, leading
to strains between the LFP-FP interfaces. Even worse, the carbon layer separated from
the particle surface, and these location were then filled with liquid electrolyte. The three
phase boundary was then ruined, resulting a drop in capacity and cycling stability. The
phenomenon was explained as the lithium intercalation/de intercalation with
simultaneously effective ionic and electronic conduction. In addition, in the cylindrical
cell, the obvious increase of porosity was detected after aging process as the separation of
carbon from the surface of LFP particles.
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Understanding the surface chemistry and interface between carbon and LFP plays a key
role in lithium intercalation kinetics and material’s stability. New surface phase formation
are observed during high temperature carbon coating process (size-dependent) and
storage circumstance (moisture). The other surface chemistry is related to the
unavoidable impurity phase from synthesis process. Those impurities are the primary
killer for the capacity fading and lithium ion blocking. In addition, the small amounts of
impurities can damage the stable surface, which will cause the degradation of storage
stability in aging process. Thus, the preparation of homogeneous product are paramount
for large scale production.

1.1.3.2
1.1.3.2.1

Challenges at the interface of solid state batteries
Electrochemical window of solid state electrolyte

As a substitute for the organic and flammable liquid electrolyte in next generation
battery, solid state electrolytes (SSEs) possess the merits of the non-flammability, good
chemical and electrochemical stability and low degradation rate[212]. For an ideal SSE, it
should be ionic conductive while electronic insulating. More importantly, SSE for high
energy density lithium solid battery should meet a basic requirement of wide
electrochemical stability window. This means that the SSEs are electrochemically stable
against the anode and cathode materials, simultaneously [299]. With great achievement in
developing SSEs in recent years, SSEs are able to reach a bulk ionic conductivity of 1 to
10mS cm-1 at room temperature, comparable to current organic liquid electrolytes [300].
However, the claimed outstanding stability of the SSE materials are mostly evaluated
using the cyclic voltammetry (CV) measurements with semi-blocking electrode, it is
different from the actual battery configuration [168,301-303]. Recently, both
experimental and computational results have challenged the claimed stability of SSEs.
The reduction of SSEs at low potential and oxidation at high potentials are observed on
sulfides, oxides and oxynitride electrolytes [299,304-313]. These results are contradicted
with the originally assumed wide (0-5 V) electrochemical window by semi-blocking CV
tests. It is therefore ambiguous about the real stability electrochemical window of SSEs
[304,314-316]. Also, it stills need further discussion about that side-reactions between
SSEs and electrodes are a universal phenomenon in solid state batteries. Additionally,
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there is little knowledge about the fundamental physical and chemical mechanism
governing the decomposition and passivation of SSE materials. These issues will be
discussed in this section from a thermodynamic point of view.
For liquid electrolytes, the electrochemical window are determined by difference between
the Fermi level of the electrolyte and the highest occupied molecular orbital (HOMO) or
the lowest unoccupied molecular orbital (LUMO) levels of organic compounds in
electrolyte [13]. The thermodynamic driving force in reducing or oxidation of electrolyte
is Fermi level gap between electrode and electrolyte, which is calculated by hybrid
functional density functional theory (DFT) [317]. Here, it has to be pointed out that there
is a discrepancy between computational results and experimental studies [318]. Like
liquid electrolyte, the thermodynamic electrochemical window of SSE materials could be
obtained by DFT calculation as well, theoretical calculation is very effective way to
examine a wide range of electrode and electrolyte combinations [308,310]. It could also
be beneficial for some materials whose thermodynamic properties have not yet been
determined experimentally. Although experimental investigation of electrochemical
window would be a challengeable task due to the small fractions of solid interface
investigated, it is still worthwhile to show the recent progress. It could help us to
understand what is really happening during electrochemical reactions [319]. Thus, the
recent progress in understanding the electrochemical window of SSE materials by
combining the computational and experimental study are presented.
The stability window of a SSE is determined by the voltages at which lithium is extracted
from the electrolyte to form a Li-deficient decomposition layer between the electrolyte
and the cathode (anodic stability) and at which lithium is inserted into the electrolyte,
reducing another species and forming a Li-reduced decomposition layer (cathodic
stability)[311]. Cedar’s group first investigated electrochemical stability of Li10GeP2S12
(LGPS) solid electrolyte by constructing a Li−Ge−P−S phase diagram [310]. They
predicted that the LGPS solid electrolyte consumed lithium at a low voltage and
decomposed into a combination of Li2S, Li3P, and Li15Ge4, and dissociation into P2S5, S,
and GeS2 with lithium extraction at a high voltage. These predictions suggest that the
electrochemical window of LGPS of 0-5 V in previous experiments are the result of
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passivation phenomenon where either Li2S or P2S5 is formed as a decomposition product
[310]. It does not match with the thermodynamic electrochemical window of LGPS
electrolyte predicted by theoretical calculation. Followed the investigation of LGPS, the
thermodynamic electrochemical stability of currently known SSE materials are
sysmatically investigated by constructing the relevant phase diagrams using DFT
calculation [311].
Figure 1-10 shows the calculated stability ranges of common SSE materials, grouping by
the anion electronegativity in SSEs. The thermodynamic electrochemical window of a
SSE is set by anodic reaction limit with the lithium metal and cathodic reaction limit with
a cathode. As shown in Figure 1-10a [310], it is seen that the stability window of SSEs
narrows down from halide anions-SSEs to the oxide, sulfide, nitrides, and finally
phosphides SSEs, suggesting the high stability of halide anions SSEs than the rest SSEs.
This trend is in consistent with the expectation trend of increasing stability in SSEs with
increasing anion electronegativity. Also, it is found that the ternary and quaternary SSE’s
anodic stabilities against Li metal are mainly determined by the stability of the related
binary compound, or in the case of mixed anion materials, by that of the least stable
related binary materials, e.g. the anodic stability of Li6PS5Cl is determined by the
stability of Li2S other than LiCl [310]. This is explained by the fact that dissociation of a
lithium binary must overcome both the formation energy of lithium binary and the energy
of mixing it with the other binary materials. Specially, for the SSE materials are consist
of strongly bound polyanion such as the phosphates, a wider stability windows is
presented since extraction of Li must be accompanied by the dissociation of polyanion
[308]. In terms of the anodic stability against Li metal, for most of well-known SSEs in
literatures, the voltage limit of typical solid electrolytes against Li are presented in
Figure 1-10b [310]. Most of the SSE compounds are unstable against Li metal, resulting
in reduction of electrolytes at the low voltage with a favorable decomposition energy.
Roughly speaking, the sulfide electrolytes are easily reduced and lithiated into the
equilibria phase of Li2S at around 1.7 V against Li, and reduction products of Li3P and
Li-Ge alloy are formed for P and Ge containing sulfides. For Ti and/or Ge containing
oxide SEs, low valence Ti compound and/or Li-Ge alloy are formed, respectively, at low
voltage. Unlike the complex lithium compounds, the binary lithium compounds such as

53

LiF are much stable against Li metal because the anion in the binary SEs have been fully
reduced, so further reaction with lithium metal cannot occur[307]. It is worth to point out
that the calculated thermodynamic electrochemical stability of the SSE have a discrepant
with actual electrochemical window because the decomposition products formed at the
interface could passivate the SSEs from further reduction. At voltage above the stability
window of electrolyte, lithium atom is easily extracted from these materials, yielding the
oxidized anion, as marked by the dash line in Figure 1-10b, e.g., LGPS is oxidized at
2.14 V. It means LGPS electrolyte is kinetical stable at higher voltage between 2.14 V3.14 V [311].

Figure 1–10. Electrochemical stability window of solid electrolyte. (a)
Electrochemical stability ranges of various electrolyte materials grouped by anion,
with corresponding binary for comparison. (b) Chemical potentials of Li for solid
electrolyte against Li metal. (c) Chemical potential of O, S, Co for solid electrolyte
against LiCoO2 cathode.

In addition to the equilibrium of Li grand potential, the equilibrium potential of non-Li
elements have been applied between SSEs and the electrodes in defining the cathodic
stability window of SSEs [308,310,311]. As shown in Figure 1-10c, the cathodic stability

54

of SSEs against LiCoO2 cathode are predicted by constructing Co, O and S equilibrium
potentials [311]. Usually, the equilibrium potentials of oxygen is overlapped for lithium
metal oxide cathode and oxide electrolyte combination while there is a significant gap
between lithium metal oxide cathode with sulfide electrolyte combination. As a result,
one or both of the cathode and sulfide electrolyte becomes reactive after contact with
each other, e.g. thiophosphate sulfides tend to react with oxide cathodes to form PO4
groups and transition metal sulfides [311].
The chemical potential stability window by Li grand potential phase diagrams yields
great insight into the performance of an electrolyte in battery systems, but it does not
consider the more complex reactions that may occur between electrolyte and cathode
after mixing [311]. At the interface between two different phases, there is possibility of
forming an intermediate phases. To investigate the driving forces for such reactions, the
reaction energy at electrode/electrolyte interface with and without mixing are calculated
by constructing the quaternary phase diagram of related elements [320]. In Figure 1-11,
reaction energy at the interface of cathode/electrolyte combinations are listed. Generally,
SSE with a lower reaction energy after mixing tends to be stable at the cathode voltage
without redox activity. For the sulfide electrolytes, the largest reaction energies are
obtained in coupling with the layered LiCoO2 /LiNiO2 due to their high voltages and high
oxygen chemical potentials. Sulfide electrolytes are unstable against LiFePO4 as well
based on the calculation. In contrasts, the oxide SSEs are considerably stable against
oxide electrode than that of sulfide SSEs. Similarly, coupling of sulfide cathode with
oxide electrolytes result in the formation of interphase layer according to reaction energy
values. The intermediate phases formed at high voltage potential with lower valence
states are known to be electronic conductive, which are detrimental to the
electrochemical stability, leading to narrow electrochemical window of SSEs [308]. The
minimal decomposition energy are obtained for combination of sulfide electrolytes with
sulfide electrode, or hydride electrolytes with low voltage electrode, suggesting a highly
stable interface [320].
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Figure 1–11. Reaction energies for the interfaces of a selection of cathode/electrolyte
combination at μLi corresponding to the average cathode voltage
Traditionally, electrochemical stability window of a solid electrolyte was obtained by
applying a linear polarization on the Li/solid electrolyte/inert metal (e.g. Pt) semiblocking
electrode. With this method, the wide electrochemical windows were reported for LGPS
[321], LPS [322], LLZO [323], LiPON [302], etc. However, the recent in-situ XPS
studies on those electrolytes indicate that they are not stable as claimed previously [312].
It suggests that the electrochemical window measured by semiblocking electrode is
overestimated than that of actual electrochemical window. The main reason for the
overestimation is due to the small contact areas between electrolyte and inert current
collector, leading to the slow kinetics of the electrolyte decomposition [324]. The actual
solid state electrode is totally different than the semiblocking electrode configuration, it is
a composite of active material, carbon black, and electrolyte mixing together. As a result,
the reduction or oxidation kinetics of the solid electrolyte with electrode are drastically
enhanced because of the increment of contact areas in composite electrode. To solve this
challenge, Han and coworkers developed a novel method to measure the intrinsic
electrochemical stability window of solid electrolyte using a Li/electrolyte/electrolytecarbon cell [319]. Two promising electrolytes, LGPS and LLZO, are chose as the model
material for the sulfide and oxide electrolyte, respectively. The thermodynamic
electrochemical stability window of LLZO is presented in Figure 1-12a. At a high
voltage of 2.91 V, the LLZO is decomposed to Li2O2, Li6Zr2O7, and La2O3 or even O2 at
higher voltage 3.3 V. At a low voltage of 0.05 V, LLZO is lithiated into Li2O, Zr3O, and
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La2O3, and Zr3O or Zr metal at a voltage below 0.004 V. The CV scans of new cell
configuration in Figure 1-12b shows that the apparent oxidation of LLZO starts at about
4.0 V. The subsequent cathodic scans indicate that the oxidation reaction is irreversible
because no oxidation peak can be observed in the second cycle. XPS was used to identify
the reduction and oxidation products of LLZO beyond its stability window. Figure 1-12c
shows the XPS result of fresh and charged/discharge LLZO electrodes. There is a Zr/O
ratio change after charged the LLZO in anodic scan, suggesting the O2 loss at high
voltage. In the discharged LLZO, a small amount of Zr3O signal is detected coming from
the reduction of LLZO at low potential. The results indicate that the solid electrolytes
have narrower electrochemical window than previously reported window. In addition, the
XPS result is well matched with the first principle calculation, suggesting the high
reliability of theoretical calculation.

Figure 1–12 . Electrochemical stability of LLZO. (a) Predicted electrochemical
window of LLZO, (b) CV result of Li/electrolyte/electrolyte-carbon cell, (c) XPS result
after the CV tests.
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As mentioned above, most SSEs have limited electrochemical window. The main
problem in operating the SSEs beyond the limited thermodynamic stability window is the
formation of interphases as a result of the decomposition at the active material-electrolyte
interface, as summarized in Table 1-5 [311]. The decomposition interphases, with poorer
Li ion conductivity than the solid electrolyte, would impede the Li transport between the
solid electrolyte and the active materials, resulting in the high interfacial resistance.
Depending on the properties of the decomposition interphases, such as ionic conductivity,
electronic conductivity, and electrochemical reversibility, their influence on solid battery
are diverse. In order to stabilize the interface in solid state batteries, introducing an
interlayer is very necessary, it can limit the lithium compound decomposition and/or
reduce the interfacial resistance. The details of interface engineering will be introduced in
following section.
Table 1-5 Electrochemical window and phase equilibria at different potentials of the
solid electrolyte materials [311].
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1.1.3.2.2

Side reactions at solid electrolyte/anode

Majority of solid electrolytes are intrinsic unstable at low potentials, from the perspective
of thermodynamic calculation. In this section, we focus on the details of side reactions
between the electrolytes and anode materials. The Li metal, a widely used anode in the
ASSLIBs, is one of the intensively studied anode. The Li metal is a strong reducing agent
because a lithium atom is very easy to lose the outermost electron to form lithium ion.
Therefore, the SSEs are easily reduced to lower valence compounds after contact with Li
metal [299].
Based on different thermodynamic and kinetic stability, the Li/solid electrolyte interface
could be categorized into three groups as proposed by Janek’s group (Figure 1-13a)
[312]. First, stable interfaces are formed by solid electrolytes that are thermodynamically
stable against Li metal. The typical cases are the interfaces of binary compounds such as
Li/LiF, and Li/Li3N. Second, solid electrolytes that are thermodynamically unstable
against Li metal, and the mixed ionic-electronic conducting interphase (MCI) with both
reasonably high ionic and electronic conductivity are usually formed at the interfaces. It
allows for continuous flow of Li and electrons, as a result, the electrolyte will finally be
completely lithiated into MCI interphase. Third, solid electrolytes that are
thermodynamically unstable against Li metal, but the kinetically stabilized solid
electrolyte interphase (SEI) form at the interface. Similar to SEI film in liquid
electrolytes, the interphase layer has sufficient ionic conductivity but negligible
electronic conductivity, it is relative stable because side reaction is prevented at the
interface.
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Figure 1–13 Side reaction at Li metal/ solid electrolyte interface. (a) Three different
interface formed at the anode/solid electrolyte interface, (b) side reaction of
LGPS/Li interface, (c) side reaction of LATP/Li interface, (d) Li dendrite formation
in garnet LLZO
To get a full understanding on the chemical reactions between Li metal and solid
electrolytes, both experimental and computational methods have been applied during past
few years. Mo and coworker was first to conduct the investigation on the electrochemical
stability of LGPS against Li metal in 2012 [325]. Through constructing the quaternary
phase diagram of Li-Ge-P-S, they plotted a lithium grand potential phase diagram of the
LGPS system at various lithium chemical potentials (µLi). This diagram represented the
phase equilibria of LGPS system in contact with Li metal. According to calculation, they
predicted that the LGPS solid electrolyte began to decompose at low potential (1.71 V vs
Li/Li+). If the LGPS electrolyte was close to the Li zero potentials, i.e. contact with Li
metal, the LGPS was decomposed into P2S5, S, and GeS2. Wenzel and coworker directly
observed the evidence of interface instability for LGPS at the Li metal side [313].
Combined in situ X-ray photoelectron spectroscopy (XPS) with time-resolved
electrochemical impedance tests, the chemical reaction at Li/LGPS interface was
analyzed, as shown in Figure 1-13b. The LGPS was reacted with lithium and resulted in
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the formation of an interphase composed of Li3P, Li2S and Li-Ge alloy, which was in
agreement with theoretical prediction by Mo and coworkers. The impedance of Li/LGPS
interface increased about four times after 24 h duration, even in a static state. The results
suggested that LGPS in direct contact with Li metal was detrimental for electrochemical
performance [326]. Recently, Oh and coworkers prepared a 5 V bulk solid state battery
with LGPS as electrolyte, LNMO as cathode and Li as an anode. A reduction product
Li2S phase was detected by XRD at anode sides after only ten cycles [326]. Cedar and
coworkers extended investigation of phase stability of the superionic conductors family
Li10±1MP2X12 (M = Ge, Si, Sn, Al or P, and X = O, S or Se) using first principle
calculation [320]. It showed that the isovalent cation substitution of Ge had a small effect
on chemical stability against Li and lithium conductivity in LGPS superionic electrolyte.
Aliovalent cation substitution (M=Al or P) of Ge gave high conductivity, but no
influence on the chemical stability against Li was observed. The Se-substituted
compounds showed a marginal improvement in conductivity, but it was more easily
reduced by Li, due to the reactivity of Se element.
The chemical stability of silicon based superionic conductor, Li10SiP2S12(LSiPS), was
probed through a time-resolved electrochemical impedance test by Whiteley and
coworkers.[327] In comparison to the Ge based solid electrolyte, the interface resistance
of Si based solid electrolyte was smaller after contact with Li in a long period. The
interface layer formed at Li/LSiPS was either more ionically conductive or thinner, thus,
it showed a drastically reduced resistance. Cedar’s group proposed that the Li-Si alloy
had lower electronic conductivity and diffusivity than Li-Ge alloy, but the exact reason
was still under investigation [320].
The other popular sulfides, such as Li3.25Ge0.25P0.75S4, Li3PS4, Li4GeS4, Li6PS5Cl, and
Li7P2S8I, are easily reduced at low potential by Li metal as well. Li-Ge alloy, Li3P and
Li2S are usually formed at interface as a result of the reduction of P and Ge in the case of
Li-Ge-P-S system (as shown in Table 1-5) [310]. For example, Li7P3S11 is easily reduced
to Li3PS4 with a small decomposition energy at first, which is followed by the
decomposition of Li3PS4 to Li3P and Li2S [308]. Wenzel and coworkers monitored the
formation of interphase on Li7P3S11/Li interface by combination of in-situ XPS and time-
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dependent electrochemical impedance spectroscopy [328]. They identified that the
interfacial reaction zone was consisting of the Li3P and Li2S as decomposition products,
in consistent with the theoretical prediction by Mo’s group [308]. Further study by ex-situ
XPS showed that the Li2S phase formed at interface was stable, while the Li3P was
unstable even in the glove box. In addition, the interface layer at Li/sulfide electrolyte
was only a few nanometers at initial stage, and continuous increment of impedance with
time was observed, which indicated that the interface thickness was gradually growing.
Therefore, interface modification was required to form a proper low impedance interface
between solid electrolyte and Li metal, otherwise, the internal resistance of solid battery
was too large to enable a good performance.
A new family of sulfide Li6PS5X (X = Cl, Br, I), so called Li argyrodites, have been
extensively studied in recent years [329]. To evaluate the interface stability of
Li/Li6PS5Cl, Cheng and coworkers used first principle calculation method to study the
interface. Their result showed that PS4 at the interface was quickly decomposed, the
broken P-S bonds produced new P-Li bonds and Li-S bonds [330]. In addition, it was
proposed that the chemical stability of Li6PS5Cl electrolyte would be increased by partial
oxidation of the interface using strong P-O bonds to replace the P-S bonds. If the
oxidized layer was thin enough, the decomposition at the interface could be limited at the
expense of ionic conductivity.
There are also numerous research on the interfacial stability of sulfide electrolyte against
Li metal in previous experimental reports. In 2004, Takahara and coworkers showed that
Li3PO4–Li2S–SiS2 glass electrolyte exhibited instability against Li metal during long term
cycling [331]. The interface products between the Li and the glass electrolyte were
investigated by Si and S-K edge near-edge X-ray absorption fine structure (XANES)
analyses. It was found that Li2S and Si coordinated to three sulfur atoms were formed at
interface. In the same year, Kanno and coworkers designed two interface of thioLISICON electrolyte (Li3.25Ge0.25P0.75S4) with Li and Li-Al anodes, respectively [332].
Interestingly, a stable interface was formed at Li-Al/solid electrolyte interface, showing a
low electronic conductivity and low interfacial impedance. On the contrary, the electronic
conductivity and interfacial impedance were growing with cycling at Li/solid electrolyte
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interface. After analyzing the detail structure of interfaces, it was found that the Li/solid
electrolyte interface grew with cycling while the Li-Al/solid electrolyte interface was
stabilized after several cycles due to the formation of breathing interface. The second
interface layer functioned similar to the solid electrolyte interface (SEI) film in liquid
batteries, which was beneficial for electrode/electrolyte contact and charge transfer [332].
In 2008, Kobayshi and coworkers studied interface using both thio-LISICON and glassy
Li–Si–P–S–O systems as the electrolyte, with Li-Al alloy as the anode [333]. The
properties of the interfacial phases were highly dependent on the electrolyte. The thioLISICON and the Li–Al negative electrode provided the best electrode/electrolyte
interface for fast charge–discharge, while the SEI phase formed at the Li–Al/Li3PO4–
Li2S–SiS2 glass boundary showed a higher interfacial resistance. To confirm the SEI
chemical information at the interface, the SEI layer was subjected for XRD. Take
Li3.25Ge0.25P0.75S4 as an example, the diffraction patterns of both Li3.25Ge0.25P0.75S4 and
decomposed compounds were appeared in the cycled sample [333]. In 2014, Liang and
coworkers developed a novel electrolyte Li3.833Sn0.833As0.166S4, which showed a high
ionic conductivity of 1.39 mS cm-1 at 25 °C, close to the liquid electrolyte conductivity
[334]. However, the Sn atoms that imparted the high Li ion conductivity caused the
incompatibility of these new materials with metallic Li, resulting in high interfacial
resistance. To improve the chemical compatibility with Li, they modified the surface of
the new sulfide electrolyte by passivating it with a Li compatible composite 3LiBH4·LiI
in THF solvent, which was proved successful in reducing the lithium depletion process
during [334]. In 2016, Sakuma and coworkers investigated the reactions at the interface
of different thio-LISICON sulfide and Li-M (M=Sn, Si) alloy with AC impedance
method. It was observed that during the battery operation, the impedance was growing
with cycle number in all solid state batteries [335]. Then, it was found that the sulfide
electrolytes were decomposed at lower voltage region using XRD and XPS, which was
attributed to the interfacial resistance increase. More detailed work will be conducted on
the interface of sulfide against anode materials in solid state batteries, there are still too
many information unclear at current stage.
For the oxide solid electrolyte containing Ti element, such as Li0.33La0.56TiO3 (LLTO)
and Li1.3Ti1.7Al0.3 (PO4)3 (LATP), the reduction of Ti4+ to Ti3+ or lower valences at low
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voltages were observed in the CV experiments [211,213]. It is more serious for Ge
containing oxide materials, such as Li1.5Al0.5Ge1.5 (PO4)3 (LAGP) and
Li3.5Zn0.25GeO4 (LISICON), due to formation of Li-Ge alloy at low voltage. Mo and
coworkers predicted that the formation of the Ti3P, TiAl, Li3P, Li2O for LATP, Ti6O,
La2O3, Li2O for LLTO, Li9Al4, Li15Ge4, Li3P, Li2O for LAGP, and Li15Ge4, LiZn, Li2O
for LISICON, coupling with Li metal (as shown in Table 1-5)[308]. All these reduction
products are mixed electronic and ionic conductors (MICs), which belongs to the second
group unstable interface against Li metal. Figure 1-13c shows the work done by
Hertmann and coworkers [304]. With the combined techniques of XPS and time-resolved
impedance spectroscopy, degradation phenomena were observed in the case of LAGP,
LATP, and Ta substituted LATP. They concluded that Ti and Ge containing electrolyte
at Li anode side should be avoided, from the thermodynamic point of view. To get a
direct understanding on the interfacial reaction of Li/LLTO, Wenzel and coworkers
constructed an in-situ lithiation method on sample surface in a standard lab-scale XPS
chamber [312]. The obtained spectra showed the formation of reduced titanium ions and
titanium metal after the reaction of LLTO with Li. Actually, no metallic lithium signal
was observed on the surface after the deposition, it meant that Li was incorporated into
LLTO once it arrived at the surface of electrolyte. A MIC layer of 420 nm was formed
after 15 h lithium deposition by estimation on the ratio of different titanium species
[312]. Huang and coworkers synthesized a titanium free perovskite oxide electrolyte
Li3/8Sr7/16Hf1/4Ta3/4O3 (LSHT) by a conventional solid-state reaction method [336].
Unfortunately, the LSHT was unstable against Li metal as well, the reduction reaction
was happened at the interface during cycling.
Recently, a lithium rich anti-perovskite (LiRAP), Li3OX (X = Cl, Br, etc.), has been
reported as 3D-conducting solid Li-ion electrolytes [337,338]. By cation or anion doping,
LiRAP could reach ionic conductivity of 10−3 S cm−1 at room temperature and even
higher values at elevated temperatures [339]. Jia and coworkers measured the cyclability
and compatibility of Li3OCl film in contact with metallic Li using a symmetric cell of
Li/Li3OCl/Li by applying a constant direct-current [340]. The result showed that the
polarization voltage increased gradually in the initial cycles, but it was stabilized after 20
cycles, indicating formation of a self-limiting interface. The interfacial characteristic
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between the Li3OCl/Li was further investigated by a SEM with an in-situ focused ion
beam system, it was seen that the interfacial contact between Li and Li3OCl was
relatively smooth [341]. Liang and coworkers developed a novel electrolyte Li2OHCl,
which exhibited good ionic conductivity and high stability against Li metal [342]. The
high stability of Li2OHCl electrolyte was attributed to the formation of a stable SEI layer
at the interface. The interlayer was composite of Li2O and LiCl, evidenced from XRD
result. Both the binary phases were stable against Li, and an interconnected network was
formed, which enabled the protection of the crystalline Li2OHCl from further reaction.
Garnet type solid electrolytes (Li7La3Zr2O12) are claimed to be very stable against the Li
metal [343]. However, the stability of synthesized garnet electrolyte is strongly
dependent on elemental composition. For example, Zr site doped with Ta is stable than
the electrolyte with Nb dopant, because Nb5+ is easily reduced to Nb4+ by Li metal
[344,345]. Another challenges for garnet against Li metal is the formation of lithium
dendrite, which may lead to a short circuit. Ren and coworkers investigated the fractured
cross-section of Li6.75La3Zr1.75Ta0.25O12 (LLZTO) after a short circuit test by applying a
high direct current on LLZTO [346]. They found that the lithium dendrite was growing
through both the grain boundaries and interconnected pores in the sintered pellet. To
confirm such a phenomenon, Tsai and coworkers conducted an observation of LLZO
pellet microstructure after contact with Li metal, using TEM coupled with EELS detector
[347]. As shown in Figure 1-13 d, they detected the Li metal species in the voids
between particles and mixture of Li3N, Li2CO3, and LiOx compounds at the grain
boundary. The formation Li dendrites were attributed to the inhomogeneous contact
between LLO solid electrolyte and Li foil. In 2016, Sakamoto and coworkers designed an
in-situ TEM experiment on LLZO coupling with Li metal. Through analysis of the EELS
spectra, a phase transition of cubic LLZO to tetragonal LLZO phase was observed, which
was contracted with the claimed high stability of garnet electrolyte [348]. More detailed
works are needed in this field, so we can really understand the stability of solid
electrolyte against Li metal.
For the solid polymer batteries, there have been continuous efforts on improving the
electrochemical performance in the past decades. Less effort has been paid to the study of
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the interface phenomena at the electrode/electrolyte. The interfacial stability actually
could determine the long-term cyclability of solid polymer batteries, thus, more attention
should be paid to the interface phenomena for application such as EVs running for years.
Scrosati and coworkers first noticed the importance of interfacial reaction at interface of
Li metal and PEO electrolyte [349]. The evolution of impedance spectra at Li-PEO
interface changing with time were recorded. The obtained results indicated that a
passivation film was formed on the lithium surface, it was suggested that an inhibition
agents was needed to insert into the electrolyte to control the passivation process [349].
In the gel polymer system, they also observed such an instability phenomenon at
electrolyte/lithium metal interface [350]. The passivation phenomena was further
confirmed by Xue and coworkers [351], they studied the impedance of solid polymer
batteries during a long storage period and found that an additional impedance arc
appeared after storage, which was attributed to formation of the anode passivation and/or
dendrite growth of lithium. But, the side effect of the passivation layer was
controversially debated, and there was no unified conclusion yet. Baudry and coworkers
reported that the passivation film was permeable to lithium ions and the corresponding
impedance remained acceptable after prolonged cycling, capable of stable cycling of 300400 cycles [352]. Osaka and coworkers investigated an in-situ lithium deposition process
in solid polymer and gel polymer batteries using optical microscope [353]. It was
observed that an easily deposited lithium dendrite was suppressed in the solid polymer
electrolyte whereas the gel polymer electrolyte resulted in uniform lithium deposition.
To clarify the lithium dendrite formation mechanism, concentration measurement was
applied in the symmetrical lithium/polymer electrolyte/lithium cells. It demonstrated the
correlation between dendritic growth of lithium and the existence of the lithium
concentration gradients, which helped to understand the lithium dendrite formation
process in the vicinity of the polymer electrolyte [354,355]. To probe the surface layer
and element composition of Li metal before and after contact with polymer electrolytes
(PEO filled with LiPF6), some LiF was formed on Li metal after the contact using XPS
test [356]. For the polymer was contaminated by the moisture, LiOH was detected at the
interface of Li/polymer electrolyte [357]. Kong and coworkers proposed a selfcompensating spectroscopic ellipsometer method to characterize the Li/polymer
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electrolyte interfaces [358]. The ellipsometric spectra tests indicated that the Li/PEO
interface thickness were 12 nm at initial state and grown to 37 nm after discharge. A
detailed physical information was achieved by in-situ SEM observation at the Li/polymer
electrolyte interface, done by Orsini and coworkers [163]. In the failed solid state lithium
polymer batteries and Li polymer symmetric cell, it was observed that the lithium
dendrite structures was much larger in symmetrical cell and the surface was rougher due
to the reduction of lithium salt by Li metal [246]. With the help of AFM, the formation of
a passivation layer composed of CF3 radicals was confirmed when the Li metal was
contact with PEO based polymer electrolyte, as illustrated by Mancini [359].
The side reactions at anode/electrolyte is critical for solid batteries. Now, our
understanding on the interfacial phenomenon is still infant. More advanced technique or
design will be proposed for better understanding on the interfacial stability at the anode
side.

1.1.3.2.3

Side reactions at cathode/solid electrolyte interface

One of the advantage of solid state batteries is enabled the utilization of high voltage
cathodes. However, some solid electrolyte/cathode interface are unstable, especially for
high voltage electrode, which limits the realization of high power density in solid state
batteries [299]. Roughly, there are usually two side effects at cathode/electrolyte
interface, space charge effect and mutual diffusion effect. The space charge effect is a
nanoionics phenomenon that is commonly observed at the interface of two ionic
conducting materials after contacting with each other [360]. Due to mismatch of the
electrochemical potential of mobile ions (e.g. Li ion) in between two conducting phase,
space charge layer would formed at the interface. More detailed information about the
space charge effect part has been explained in previous reports, it will not be focus of this
thesis. The second mutual diffusion effect is also very common phenomenon in solid
electrolyte/cathode interface. The mutual diffusion layer works as resistive or blocking
layer at the interface, which is occurred even at the original state before cycling [361].
Sulfide electrolyte are easily being oxidized into Li2S against high voltage cathode, based
on the thermodynamic calculation by Mo and coworkers (see Table 1-5) [308]. For
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example, LGPS is oxide into P2S5, GeS2, and S, onset from 2.31 V. Oxide solid
electrolyte exhibit high oxidation stability than sulfides, which make them compatible to
high voltage cathode materials, thermodynamically. Besides, the reaction of the oxidation
need a significant over potential of about 1 V, making the solid electrolyte could survive
at high voltage, kinetically [308]. However, in real application, oxide SSE is well mixed
with the cathode materials in composite electrode. As a result, the reaction driving force
is drastically increased after mixing [310].
The exact side reaction between the solid electrolyte/cathode could be different based on
the choice of SSEs and cathode materials. The most popular cathode materials is LiCoO2,
most of side reaction at cathode interface will be presented with LCO as the cathode.
Thermodynamically, most of the oxide SSE are stable against LCO cathode (shown in
Figure 1-11c). [311] Taking LATP as an instance, it is considered as one of the most
stable oxide electrolyte against LCO cathode by theoretical calculation. However, a depth
resolved X-ray absorption spectroscopic study showed that a layer of Co3O4 at the
LATP/LCO interface was detected by Okumura [314]. This layer was formed at the
interface, even after the introduction of a modification layer. Recently, Kato and
coworkers investigated the effect of sintering temperature on the interface of
LATP/LiNi1/3Co1/3Mn1/3O2 (NMC) prepared by pulsed layer deposition (PLD) [362].
Figure 1-14a shows the cross-section TEM images around the NMC/LATP sheet
interface and spatially-resolved EELS mapping image of Co-L edge at 700 ºC and 900
ºC, respectively. In both cases, the Co-L edge spectra shift to a lower energy loss in the
vicinity of the interface, indicating that valence state of Co around the interface region is
lower than that inside the NMC film. Interestingly, the interface resistance is different by
three order of magnitude at 900 ºC, although the mutual diffusion layer obtained by EDX
line profile is same at 700 ºC and 900 ºC. The reason for such a large interfacial
resistance at 900 ºC is that the Co element is accumulated around the interface, which
lead to the formation of lithium free crystalline phase at the interface of NMC and LATP.
LLZO solid electrolyte also formed some diffusion layer with LCO film cathode during
thin film deposition process at high temperature. The reaction layer formed was about 50
nm, consisting of elements of Co, La, and Zr, as shown in Figure 1-14b [363]. To
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modify the interface, one layer of Nb metal was intentionally introduced during thin film
deposition process. The Nb-based interface resulted in the decrease of interfacial
resistivity by forming a lithium conductive Li-Nb-O interface layer [364]. Recently,
Goodengough and coworkers studied the interface of LLZO/LCO with additive effect.
They find that there is high temperature co-diffusion process and formation of tetragonal
LLZO phase at the interface, which is detrimental for electrochemical performance. With
the surface modification by Li3BO3, the decomposition is avoided, and the side-reaction
is suppressed as well [365]. All solid state thin film batteries has consistently used the
combination of LiPON/LCO, it is thought to be very stable and no side reaction happened
at the interface. However, Meng’s group obtained the evidence of Li accumulation at the
interface by combination of STEM/EELS information, which was accounting for the
irreversible capacity losses [366]. As shown in Figure 1-14c, they find out that the
interface is an unexpected structurally disordered interfacial layer of LCO by the in-situ
STEM/EELS observation [367]. The finding illustrate that the high interfacial resistance
at LiPON/LCO is originated from the chemical changes rather than the space charge
effects. Moreover, such a cathode electrolyte interfacial layer grow thicker if the solid
batteries working at high temperature [368].
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Figure 1–14 Side reaction at cathode/ oxide solid electrolyte interface. (a) Interface
formed at the NMC/LATP electrolyte interface, (b) side reaction of LCO/LLZO
interface, (c) side reaction of LCO/LiPON interface
The side reactions at the cathode/electrolyte have negative effect on the performance of
the solid state batteries. It is necessary to reduce the side reactions if we want to achieve
high energy density, long cycle life and stable batteries. In addition, some better
understanding on the interfacial stability at the cathode side are still important for
designing good solid batteries.

1.1.3.2.4

Engineering Interlayer to Prevent the Interfacial Side
Reactions

Formation of a favorable solid-solid interface between electrode and electrolyte plays a
key role in achieving excellent performance in all solid state batteries. However, the
interfacial side reactions seems like daunting prospects in developing high energy solid
state batteries. Fortunately, engineering of the interface with coating layers has been
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successfully applied to improve interfacial stability and to reduce interface resistance
[308]. Principally, the interface layer should be stable against the electrode with low
electronic conductivity, serving as artificial solid electrolyte interface (SEI) (Figure 115a). As a result, the anodic/cathodic limits and the electrochemical window of the solid
electrolyte are significantly extended due to the extra electrochemical provided by
introducing interlayer, shown in Figure 1-15b. In addition, the interface also helps to
impede the mutual diffusion of non-Li elements at the interfaces, which is a known
problem for the degradation of interface between the sulfide electrolyte and LCO [369].
Therefore, interlayer is effective in preventing the interfacial side reaction in all solid
state batteries.

Figure 1–15 Principle of interlayer modification in solid state battery. (a)
Electrochemical stability window (solid color bars) of commonly used coating layer
materials. (b) Extended electrochemical window of the solid electrolyte with coating
The interlayer at the anode is important in improving the electrochemical performance of
solid state batteries, because most of the solid electrolyte against Li metal are unstable as
discussed above [310]. Usually, the anode-side interlayer should be able to prevent
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dendrite formation, to block side-reaction and to facilitate lithium transportation.
Therefore, it is hard to find a perfect interlayer fulfilling all three functions. Fortunately,
some good examples has been proposed in improving the contact of solid electrolyte with
Li metal solid state batteries.
Rajendra systematically investigated the interface between of Li and LLZO electrolyte
using impedance spectra [370]. It was found that the LLZO electrolyte polished with high
grid number sand paper and deposited an interlayer Li film by evaporation showed higher
contact areas and reduced interfacial resistance. Tsai and coworkers used Au layer as an
interlayer to reduce the interface resistance, because a flat surface was formed after the
gold layer coating on LLZO electrolyte [347]. Also, another way to increase the contact
area of oxide electrolyte and Li foil is heating the interface to Li melting point. Through
heating the interface to the melting point, the Li is able to fill in the rough surfaces in
electrolyte, thereby increasing effective contact region at the interface. Sakamoto used
the high temperature treatment at the LLZO/Li interface, the interface impedance was
decreased by more than one magnitude [371]. Hu and coworkers applied a thin Si layer
on LLZO surface, the surface transform from the lithiophobic to lithiophilic, the
interfacial resistance was significantly reduced [372]. The reason was ascribed to the insitu formation of the Li-Si intermediated alloy, it facilitated lithium transportation and
increased the lithium wettability of LLZO electrolyte. In addition, an ALD coating ZnO
on LLZO was developed in the same group, which was uniform and conformal layer. The
ALD ZnO interlayer enabled lithium melting process in porous LLZO electrolyte [373].
In addition, the interface impedance at LLZO/Li interface was largely reduced because an
intermediate phase with ionic conductivity was form after Li reacted with ZnO layer. In a
recent work, the LLZO with was coated with 5nm Al2O3 by ALD. The interfacial
resistance was reduced to 1 ohm cm-1, which was the lowest value in all the reported
result for LLZO/Li interface [180]. One of the main reason for such an enhancement was
the formation of LiAlO2, which was further confirmed by TEM-EDS mapping and
selected area electron diffraction (SAED). In the future, there should be more proposed
strategies in reducing the interface resistance of solid electrolyte against Li, leading to
improvement of solid state batteries.
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To reduce the interface reaction of electrode/polymer electrolyte, several method has
been proposed by different groups. The simplest and effective way to reduce the side
reaction between the Li metal and polymer electrolyte was using composite polymer
electrolyte [152]. The addition of fillers or co-polymerized electrolyte with other
branches could largely improve the interfacial stability [269], which were discussed in
the hybrid based solid state batteries section. The second effective method to reduce the
side reaction at the interface is interface modification, especially for high voltage cathode
(4 V and above) [374]. Demonstrated by Kobayashi and coworkers, fine powder coating
of LATP on LiCoO2 exhibited a good reversibility up to 4.4 V and a good sustainability
in a long term cycle with PEO polymer electrolyte [199]. The impedance analysis
suggested that a suitable oxide electrolyte coating was acted an effective oxidation barrier
at the polymer/cathode interface [199]. Thin layer of Li3PO4 as the oxidation barrier was
employed to extend the electrochemical stability window of PEO based polymer
electrolyte to 4.6 V, without sacrificing the interfacial lithium conductivity [197,198]. In
2003, a 5 V LiNi0.5Mn1.5O4 cathode was coated with Li3PO4 in PEO based polymer
electrolyte by Kobayashi, the resulted solid polymer battery showed same discharge
capacity as in liquid cell [200]. A solid polymer battery system with mechanical mixing
of LiNi0.5Mn1.5O4 powders with Li3PO4 particles Miyashiro in 2005, it also showed good
electrochemical performance at small current density [375]. Additionally, Al2O3 coating
on LiCoO2 powder was also proved effective in reducing the oxidation of the PEO
electrolyte, however, the underlying mechanism was still under investigation [376].
In the case of thin film battery, the interface resistance could be reduced after the
interface modification [377]. Yada and coworkers demonstrated the improvement of the
interface conductivity of LiPON/ LiCr0.05Ni0.45Mn1.5O4- δ by applying an interlayer of
dielectric BaTiO3 nanoparticles [378]. The resultant battery showed an improved rate
capability with discharge capacity of 100 mA h g −1 at 8C rate, which was ascribed to the
reduction of the space charge effect at the interface. N substitution Li3PO4 film deposited
by PLD showing higher ionic conductivity than film deposited by sputtering, William
and coworkers used PLD deposited Li3PO4 film as the interlayer between NMC cathode
and LiPON electrolyte by sputtering [379]. The solid battery without LiPON-PLD film
had a charge-transfer resistance of 4470 Ω cm2, the resistances were decreased to 760 and
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960 Ω cm2 for the cell with 17 nm and 31 nm thick LiPON-PLD films, respectively. In
addition to the interface resistance reduction, lower polarization voltages were also
obtained in CV tests.
From the above discussion, it is sure that interlayer engineering plays a key role in
fabricating good solid state batteries. It can not only reduce the lithium reduction at the
anode interface, but also improve cathode stability by reducing space charge effect and
element-diffusion. To further reduce the interfacial resistance, more attention should be
paid to the lithium ion conduction paths at the electrode/electrolyte interface. Although
there are already some progress in modifying the interface by coating technique, there are
still a large room for improvement in electrochemical performance, especially for anode
interface modification.

1.2 Objectives of the thesis
Lithium ion batteries (LIBs) have been widely applied as the energy storage system for
EVs and HEVs. Unfortunately, conventional LIBs are mostly consists of layered
cathode/anode with limited power and energy density. In addition, the traditional LIBs
are prone to fire accidents due to utilization of flammable liquid electrolyte. To improve
the performance and safety of LIBs for future application, development of advanced
materials becomes necessary and urgent. In this thesis, I will focus on both the safe
LiFePO4 cathode materials and next generation all solid state batteries with higher energy
density and safety.
Part 1: Understanding of the secondary phase formation in LiFePO4
(1) To understand the formation of non-conductive phase during carbon coating process
in LFP cathode materials. The relationships between the impurity phase formation with
different carbon coating conditions, and the influence on the electrochemical
performance LFP electrode were investigated in details. The formation mechanism of
non-conductive phase and its relationship with carbon coating condition are discussed.
(2) To obtain a high conductive carbon coated LFP materials, a new size dependent
conductive phase was discovered during carbon coating process of LFP. The formation of
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Fe2P is related to the reducing atmosphere at high temperature carbon coating process.
The obtained LFP electrode shows enhanced electrochemical performance as a result of
positive effect of conductive secondary phases. The formation mechanism of conductive
phase and its relationship with carbon coating condition is discussed.
(3) To evaluate the phase distribution in LFP materials, advanced characterization tools
such as Raman, XRF mapping are applied. The phase contents in the LFP materials can
be clearly identified with those techniques, which will be useful for manufacturing high
pure LFP material.
Part 2: Development of solid state lithium ion batteries
(4) To obtain stable interface at the anode/solid electrolyte, ALD interlayer are coated on
solid electrolyte LATP to limit the side reactions. ALD coating of Li3PO4 and Al2O3 are
deposited at LATP surface, with different thickness, in order to optimize the stabilization
condition. The stabilization mechanism is discussed according to the physical
characterization.
(5) To densify solid electrolyte with a facile process, cold sintering process (CSP), is
developed with low sintering temperature. The LATP electrolyte is sintered with CSP
process as an example. The CSP process is closely related to the pressure, additive, time
etc. The densification mechanism is discussed based on the physical characterization.
(6) To study the physical match at the electrode/current collector interface, different
substrates are used for LiCoO2 electrode during sputtering process. The LiCoO2 electrode
deposited on metallic Al shows a preferred orientation with higher lithium diffusivity
than the LiCoO2 electrode deposited on stainless steel. To reduce the element diffusion at
the LiCoO2/LATP interface, ALD interlayer is introduced on the solid electrolyte before
deposition of LiCoO2 thin film by sputtering. The ALD Li3PO4 and Al2O3 are effective in
reducing the diffusion thickness as buffer layer.
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1.3 Thesis organization
Chapter 1 gives an introduction to the structure of lithium ion batteries, and the
challenges and development of olivine cathodes. Then, the history of solid state
electrolyte and solid state batteries are introduced in this chapter. In addition, the surface
and interface problems of olivine cathodes in liquid LIBs and the interface challenges in
solid state batteries are presented. Finally, the research objective and organization of the
thesis are illustrated.
Chapter 2 outlines the experimental details for understanding phase formation in LFP
and the development of solid state batteries. The characterization tools for physical,
chemical and electrochemical properties are listed.
Chapter 3 illustrate the origin of the phase inhomogeneity in LFP after carbon coating
process. The formation of non-conductive phase is detected, which is related to the
carbon coating conditions. The effects of the impurity phase are investigated, and the
results shows that the phase has a negative influence on LFP electrode. The underlying
mechanism is discussed from the thermodynamic point of view.
Chapter 4 shows the evidence of new size dependent conductive phase formed in LFP
during carbon coating process. The new phase formation is studied with advanced
characterization, and correlated the formation to strong reducing atmosphere at high
temperature process for carbon coating. The principle for the conductive formation is the
decomposition of LFP due to lower oxygen chemical potentials as discussed.
Chapter 5 presents the visualization of the impurity and secondary phases in LFP
materials after melt-casting synthesis or carbon coating process. With the help of the
advanced mapping technique, the location and distribution of impurity phase are easily
observed. The finds are helpful for mass-production process in achieving pure LFP
materials.
Chapter 6 describes the highly stable solid electrolyte/electrode interface for next
generation lithium ion batteries by ALD. The ALD coating on LATP with optimal
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thickness limit the formation of lithium dendrite and Ti element reduction at surface of
solid electrolyte.
Chapter 7 reports the reducing the element diffusion phenomenon at the solid
electrolyte/thin film cathode interface by ALD interlayer. The ALD interlayer effect is
carefully ananlyzed by synchron rationation x-ray photonenergy spectroscopy and high
resolution transimission microscope.
Chapter 8 presents the synthesis of solid electrolyte with facile cold sintering process
(CSP). The CSP of LATP result in solidification of solid electrolyte pellet at lower
temperature, with suitable processing conditions. The densification mechanims of LATP
electrolyte are fully invesitigated with advanced characterization technique.
Chapter 9 summarize the results and contribution of this thesis in the community. In
addition, some future direction in the related field for develoment next generation lithium
ion batteries are proposed.
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Chapter 2

2

Experimental

In this chapter, experimental details of my research are presented. The topic includes the
carbon coating process on LiFePO4 cathode materials, synthesis of solid state electrolyte
LATP (Li1.3Al0.3Ti1.7 (PO4)3), deposition of LiCoO2 thin film cathode, and the atomic
layer deposition interlayer on solid state electrolyte. In addition, the employed
characterization techniques are displayed in details.

2.1 Experimental apparatus
2.1.1

Carbon coating process on LiFePO4 (LFP)

The LFP Ingot samples were provided by Phostech Lithium Inc. (Now, Johnson Matthey,
Montreal, Canada) [1]. The ingot sample has been chosen due to two-fold reason: first, it
is commercially available, so the typical behaviors of the ingot samples are applicable for
ordinary LFP materials. Second, this ingot offer a flat, smooth and polished surface that
is ideal for observing and investigating surface chemistry change during carbon coating
for both the bulk olivine phase and secondary phases. The experimental details of the
melt-casting process of LFP ingot materials can be found in previous work[2,3].
Here, we used the LFP ingot as a raw materials and cut them into small size first. In order
to obtain a flat surface on the ingot, we polished the sample using sandpapers (London,
3M Canada) from coarse (Grit 120) to fine grades (Grit 1500). After ultrasonic cleaning
in ethanol several times, a LFP ingot sample with a clean and flat surface was thus
obtained.
Powder-based LFP samples with different sizes (particle size ranging from 20 micro to
60 nm) were controlled by ball milling the above LFP ingot sample with different size of
ZrO2 balls (diameter ranging from 5 mm to 0.2 mm). Typically, the LFP with ZrO2 balls
with weight ratio of 15:1 were ball milled in the Retsch-200 machine, isopropyl alcohol
is used as the solvent. The ball milling time and size of the ball were changed to get
different size distributions of LFP powders. The as-milled LFP particles dispersed in the
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isopropyl alcohol were dried in a vacuum oven until the evaporation of all the solvent, the
obtained LFP were kept for further experiment. Finally, we got seven different size LFP
particles with BM process.
The carbon-coating experiments on ingot samples were performed in a spray-pyrolysis
system, which was previously developed for the synthesis of various nanomaterials. In
the experiment, alcohol was used as the carbon precursor and argon acted as a carrying
and protecting gas. Briefly, the ingot sample with the flat surface up was put in a quartz
tube in Al2O3 crucibles with tight seal using vacuums gear and Ar (and H2 or NH3) was
introduced into the quartz tube for 20 min to eliminate the air. Next, the furnace was
heated at a heating rate of 5 ºC/min, and the carbon-coating process was performed at
temperatures ranging from 600 ºC to 900 ºC for 20 min. After the carbon coating process
at high temperature, the coated sample was cooled to room temperature naturally within
the furnace still under the protection of the Ar (and H2 or NH3) atmosphere. Until the
samples are totally cool down to room temperature, we collected the samples for further
experiment.
Carbon-coated LiFePO4 powder samples were prepared by the conventional solid-state
method. Lactose (carbon precursor) was firstly dissolved in either isopropyl alcohol or
H2O, and then various LiFePO4 powder samples were added to the carbon precursor
solution. The suspension was mixed ultrasonically, and was then allowed to evaporate to
dryness. The sample was further annealed at 600 ºC to 900 ºC for 1 h under Ar (and H2 or
NH3) protection to form carbon-coated samples. Same to the ingot sample, the sample
was coated under protecting atmosphere in a well-sealed quartz tube using vacuum gear.
Carbon coated samples were collected after the tube furnace cool down to temperature
and exposure to air atmosphere.
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Figure 2–1 Retsch-PM 200 Ball mill machine

2.1.2

Synthesis of LATP solid electrolyte

In total, two methods were used to synthesis LATP (Li1.3Al0.3Ti1.7 (PO4)3) solid
electrolyte, wet-chemical method and solid state reaction.
Typically, the wet-chemical method synthesis of LATP is following procedure[4]:
The base materials for LATP synthesis were Li2CO3 (Sigma-Aldrich), (C4H9O)4Ti
(Sigma-Aldrich), Al(OH)3 (Sigma-Aldrich), NH4H2PO4 (Sigma-Aldrich. The Ti source
was first dissolved into water by the addition of HNO3, which was labeled as solution A.
Then, the Li, Al, and P sources were dissolved into water, which was labeled as solution
B. After this, solution A were added into B dropwise under strong stirs. After about 1h,
some PVA as the entrapping agent were add to absorb the cations in the solutions on the
polymer chains. After the evaporation of the water, the solution ended up with a white
gel. After heating the gel at 500 °C for 2h, the residual organic compounds were
combusted and the precursors were obtained after the decomposition of base materials.
We then calcined the precursors in a muffle furnace at 700 °C for 2 hrs, crystalline LATP
powders were obtained. The powder was then pelletized into 12.7 mm and 1.5 mm pellets
before sintered them in the furnace at 1000 °C for 2 h. LATP pellets were polished with
different grit sand paper (from 180 down to 2000 mesh) and washed with ethanol before
use.
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Typically the solid state reaction method synthesis of LATP powders is the follow [5]:
The base materials for LATP synthesis were Li2CO3 (Sigma-Aldrich), TiO2 (SigmaAldrich), Al2O3 (Sigma-Aldrich), NH4H2PO4 (Sigma-Aldrich). All the sources materials
were weighed according to the stoichiometry and filled in the ball mill containers, 10 %
Li2CO3 is added in case of Li loss during heat treatment. The BM process were conducted
at Retsch-200 machine, isopropyl alcohol was used as the solvent. The ball to materials
ratio was set to 15: 1, and then the materials were milled for 4 hour at speed of 300 rpm.
The as-milled materials were dried in the vacuum furnace before heat-treatment. The
precursors were then calcined in muffle furnace at 700 °C for 2 hours.

2.1.3

Synthesis of LiCoO2 (LCO) thin film

The LCO thin films were prepared by radio-frequency sputtering process with
Plasmionique sputtering machine (Montreal, Canada). The LCO films were deposited on
different substrate like Si, Al, and stainless steel in order to get an electrochemical active
LCO films for use. The typical sputtering procedure were the following [6]:
The substrates were put under the target, and then the target to sample distance was set to
6 cm. Then, the chamber was evacuated to a base pressure of 10-6 Torr before sputtering.
Then, we increase the temperature of the substrate to 500-600 C with a heating rate of 30
°C/min. After the temperature was stable, we introduced gas (25 sccm Ar and 8 sccm O2)
into the chamber, and adjusted the chamber pressure to 1.5x10-2 Torr. The LCO thin film
was deposited with power of 100 W, the deposition rate was around 1.5 nm/min. After
the chamber temperature cool down, we tested the LCO performance by 2032 coin cell.
The LCO thin films were deposited on LATP with the above process, two sputtering
temperature 500 °C and 600 °C were used.
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Figure 2–2 Plasmionique sputtering system

2.1.4

ALD coating on LATP

The Al2O3 ALD coatings were conducted on Gemstar-8 ALD system (Arradiance, USA)
which is connected to an argon filled glove box. Al2O3 was directly deposited on the
LATP pellet at 85 °C by using trimethylaluminum and water as precursors. A fresh Li
foil was also coated with ALD with same ALD process, different cycles of 5, 25, 75 C
Al2O3 were coated on Li metal. The Li3PO4 ALD coating was deposited on the LATP
pellet in a Savannah 100 ALD system (Ultratech /Cambridge Nanotech., USA). The
Li3PO4 was deposited by using LiOtBu [(CH3)3COLi] and TMPO [(MeO)3PO] as the
precursors, source temperature for LiOtBu and TMPO were 180 °C and 75 °C,
respectively. The deposition temperature of Li3PO4 was carried out at 250 °C. The
sample with different cycle numbers of 25, 50, 100, 150, 200, 250 ALD Al2O3 coating on
LATP are named as LATP@25 Al2O3, LATP@50Al2O3, LATP@100Al2O3,
LATP@150Al2O3, LATP@200Al2O3, LATP@250Al2O3, respectively. 175 cycle of
Li3PO4 deposited on the LATP was named as LATP@175 Li3PO4, the coating layer has
close thickness with LATP@150Al2O3.
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Figure 2–3 Atomic layer deposition system

2.2 Characterization
2.2.1

Morphology and chemical characterization

The obtained samples were subjected to a group of characterization tools depend on the
properties of the materials. Roughly speaking, the samples could be characterized by
Raman, x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscope (TEM) and synchrotron
based characterization in Canadian light sources.
XRD (Bruker, D8-advance) are used here to get the information of the crystal structure
information of samples. In addition screening the prepared sample, it is helpful in identify
phase composition of the samples, e.g. impurity phase in LFP after carbon coating. In
addition, the in-situ heating stage coupled in the machine could be used to illustrate the
phase change during heating process.
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Figure 2–4 Bruker D8 Advance XRD
Raman spectroscopy (HORIBA Scientific LabRAM) is very useful in identify the
structure of synthesized materials, available in our Lab. In my experiment, I use it to
identify the impurity phase in the LFP ingot. With the mapping function, it enable us to
locate the phase distribution on LFP surface.

Figure 2–5 LabRAM Raman spectroscope
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Field emission scanning electron microscope (FE-SEM, Hitachi 4800) is installed in our
lab, with energy dispersive X-ray spectroscopy (EDS) detector. We can get the
morphological information and element distribution of the sample.

Figure 2–6 Field Emission SEM (Hitachi 4800)
Focused ion beam (FIB) are used to prepare TEM samples, e.g. LFP with impurity,
LATP interface. High resolution transmission electron microscope(HRTEM, Tecnai F30
) equipped with EDS and EELS detectors at an acceleration voltage of 300 kV is used to
identify the morphology and chemical information of samples.
Micro X-ray fluorescence mapping. The carbon coated LFP were prepared by the above
mentioned process. The samples were mounted on carbon tape and transfer in the station.
The X-ray fluorescence mapping (XRF were carried out in at the VESPERS (Very
Sensitive Elemental and Structural Probe Employing Radiation from a Synchrotron)
beamline, University of Saskatoon, Saskatoon, Canada. The characteristic X-ray
flurescence spectrum was recorded using a four-element Vortex silicon drift detector,
which is placed ~50 mm away from the sample. The detector was positioned 45° to the
sample and 90° to the incoming X-ray beam within the polarization plane. The flux of the
X-ray beam was monitored continuously by ion chambers filled with nitrogen gas.
Micro-focusing of the incident X-rays was achieved by using KB mirros and the resulting
beam spot size was approximately 5 µm in diameter. The fluorescence spectra data were
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collected by rastering the samples in steps of 10 µm in length white capturing the signals
from the Fe K edge.
Microprobe X-ray absorption spectroscopy mapping. LFP/graphite crucible was
provided by UdeM. The samples were mounted on carbon tape mounted in the vacuum
chamber. The X-ray absorption spectroscopy (XAS) measurements were carried out in
Soft X-ray Microcharacterization Beamline (SXRMB) of Canadian Light Source (CLS),
University of Saskatoon, Saskatoon, Canada. The measurements were carried out in 10-7
torr in two modes of total fluorescence yield (FLY, bulk sensitive) and total electron
yield (TEY, surface sensitive – 5nm). Fe and P K-edge X-ray absorption near edge
structure (XANES) spectra were collected for the samples. A minimum of 2 scans were
collected for each edge of the samples.
The initial data analysis was conducted using Athena program (designed to handle
XANES spectra). The XAS spectra for each edge of the samples were aligned and
merged together, to increase the signal to noise ratio of the data. The data were calibrated
Fe foil references. The data were normalized using the Athena program by removing the
background and normalization of the edge jump to unity.

2.2.2

Electrochemical characterization

Electrochemical tests of LFP electrode: The electrochemical performance of LFP
electrodes were measured with CR 2032 coin cell. The electrode was composed of LFP,
super P, and PvdF with a ratio of 80:10:10, the slurry was coated on Al foil with doctorblading process. Typically, the coin cells were assemble in the argon filled glove box
with LiPF6 (EC: DEC, 1:1) as the electrolyte. The cells were tested on Arbin-BT 2000
Battery test system at room temperature with in the voltage range of 2.2-4 V at different
current density.
Electrochemical tests of solid electrolyte: To measure the ionic conductivity of the
LATP solid state electrolyte, Au coated was sputtered on the both sides of the ceramic
disc and acted as a blocking electrode. Electrochemical impedance spectroscopy (EIS)
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was performed on the versatile multichannel potentiostate 3/Z (VMP3). To get the
activation energy, the pellets were heated to different temperature for EIS tests.
The electrochemical cycle of LATP pellets were evaluated in CR2032 coin-type cells.
Typically, the coin cells were assembled in an ultra-pure argon filled glove box by
symmetrical Li/LATP/Li configuration by pressing them with hydraulic press (MTI).
The Li stripping/plating studies were carried out in an Arbin BT-2000 Battery Test
system at room temperature. Constant current densities were applied to the cells during
repeating stripping/platting while the potential was recorded over time. Electrochemical
impedance spectroscopy (EIS) was performed on the versatile multichannel potentiostate
3/Z (VMP3).

Figure 2–7 Arbin Battery Test Station
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Chapter 3

3

Origin of phase inhomogeneity in lithium iron phosphate
during carbon coating

Phase purity plays a vital role in achieving high capacity and long cycle life for lithium
iron phosphate. Given that LiFePO4 has lower electronic and ionic conductivity, carbon
coating on fine particle surface is often used in order to improve the electrochemical
performance of LiFePO4. Unfortunately, the carbon coating process is an inherently
reducing process that is difficult to control and often results in the over-reduction of
LiFePO4, turning it into iron phosphide. Our research here demonstrates the formation of
a non-conductive Fe2P2O7 phase during the carbon coating process on LiFePO4. This
phase formation is found to be dependent on particle size, temperature, and annealing
atmosphere. Furthermore, these changes are found to directly associate with the change
of the reducing potential. The finding in this work aims to help guide and control the
phase purity of carbon coated LiFePO4 by identifying important parameters that need to
be taken under consideration during the carbon coating process in an effort to realize
excellent electrochemical performance.
Keywords: Carbon coating, lithium iron phosphate, phase, electrochemical performance

3.1 Introduction
Carbon surface coating has been widely applied to lithium iron phosphate (LFP) for
lithium ion batteries in order to improve electronic conductivity as well as provide
favourable surface chemistry.[1] LFP, possessing an intrinsically lower electronic
conductivity of 10-9 S cm-1, has been effectively improved by carbon coating.[2,3] Since
pioneering work conducted by Ravet et al shows excellent electrochemical performance
after carbon coating on the LFP,[4,5] research in this field has attracted great attentions.
Most reports are focused on the understanding the influence of carbon coating on bulk LFP
rather than surface effects.[5-8] However, changes to stoichiometry and/or the formation
of secondary phases on the surface/interface of LFP have been unclear due to the complex
nature of the carbon coating procedure.[9-12] This process comprises of several reactions
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occurring simultaneously and is reliant on many factors such as volatility of lithium,[13,14]
deposition/diffusion of carbon,[15,16] and redox of iron and/or phosphors.[17] Given the
electrochemical importance of secondary phases, researchers have attempted to synthesize
the LFP with alternative phase composition. Further, the influences of secondary phase on
the electrochemical performance have been reported by many groups. [16,17] However,
there is a lack of in-depth understanding on the complex relationship between phase
distribution and particle size.[12,15,18] Furthermore, the precise control over the formation
of secondary/impurity phases still remains elusive and difficult. As a result, a holistic
understanding of surface phase homogeneity on LFP will greatly improve product
uniformity for mass-production. [19,20]
Recently, our work demonstrated the formation of a secondary surface impurity phase of
Fe2P2O7 when carbon coating on LFP. This process was hypothesized to occur due to loss
of lithium oxide at high temperature. [21] With advanced in-depth characterization
techniques, surface chemistry change was clearly visualized and recorded on the flat
surface of ingot samples. The phase distribution on the surface of LFP was found to become
inhomogeneous following the coating process as a result of C/LFP interface reactions. This
Fe2P2O7 phase is expected to be electrochemically inert, with no contribution to the
capacity of LFP. The emerging question of importance that arises out of this study is what
surface properties allow for the facile formation of secondary phases and how can this
formation be reduced or eliminated during LFP manufacturing. In an effort to address these
questions, we systematically investigate the formation and stability of Fe2P2O7 phase on
commercial powder samples by developing a procedure that includes a wide range of
reaction conditions aimed at controlling or eliminating Fe2P2O7 phase by tuning carbon
coating parameters. In addition, LFP ingot sample prepared by melt casting method, with
a large flat surface, is also used to obtain detailed surface chemistry changes that occur
during the carbon coating process, thus providing crucial information toward important
parameters that lead to changes at the surface/interface. [22-25]
With fine tuning of carbon coating condition, a full diagram of Fe2P2O7 phase existing
region is outlined with respect to different coating parameters. Highly pure LFP particles
with different size could be achieved by controlling the carbon coating process. From a
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thermodynamic point of view, we give a single unified mechanism that could be used to
describe the formation of Fe2P2O7 phase under different circumstance. Furthermore, we
use LFP ingot sample to demonstrate the direct visualization of phase changes during the
carbon coating process. The methodology utilized in this work on multi-element phase
equilibrium systems under reducing atmosphere and/or high temperature can be useful for
material systems that require control over phase purity and stability during carbon coating.

3.2 Experimental details
Carbon coating on LFP. LiFePO4 ingot samples were provided by Phostech Lithium Inc.
(Now, Johnson Matthey, Montreal, Canada). The carbon coating procedure used can be
found in our previous report.[21]
LFP ingot was used as a base material that was cut into smaller sizes. Ingot samples were
used for two reasons: the first is its commercial availability, and the second is that an ingot
offers a flat, smooth and polished surface that is ideal for observing and investigating
surface phase changes following carbon coating. Experimental details regarding the meltcasting process employed for obtaining LFP ingot can be found in previous work.[24,25]
In order to obtain a flat surface, ingot samples were polished using coarse (Grit 120) to fine
grade (Grit 1500) sandpaper (London, 3M Canada). The polished samples were then
cleaned in an ultra-sonicator using an ethanol solution.
LFP ingots were then ball-milled in isopropyl alcohol for various times using ZrO2 balls to
obtain LFP powder with different sizes. Following ball-milling, the obtained samples were
dried in a vacuum oven prior to carbon coating.
Carbon-coating of ingot samples was performed using a spray-pyrolysis system, which was
previously developed for the synthesis of various nanomaterials. Alcohol was used as a
carbon precursor with Ar as a carrier gas. Briefly, ingot samples were placed in an Al 2O3
crucible and loaded into a quartz tube. The ends of the tube were capped using vacuums
gear and Ar (with H2, NH3) was introduced for 20 min to eliminate the air. Next, the furnace
was heated at a heating rate of 5 ºC/min, and the carbon-coating process was performed at
temperatures ranging from 500 ºC to 900 ºC for 20 min. After the carbon coating process,
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the coated samples were cooled to room temperature in the same Ar atmosphere and then
removed from the quartz tube.
Carbon coating of LFP powders was performed in a similar manner to ingot samples but
lactose was employed as a carbon source rather than alcohol. LFP powders were
homogenously mixed with lactose using water or isopropyl alcohol. The suspension was
then mixed ultrasonically, and was then allowed to evaporate to dryness. The samples were
annealed in Ar (with H2, NH3) atmosphere at a ramp rate of 5 ºC/min at 300 ºC to 900 ºC
for 1 hour.
Physical characterization. Crystal structure and phase composition of carbon coated LFP
were collected using X-ray diffraction (D8 Advance, Bruker) in the range of 10-90° with
a step of 0.01° per seconds. Slow scans in the range of 28-33° were also performed to
provide detail on the formation of impurity phases. The carbon coated LFP powders were
also investigated using Hitachi 4800 SEM equipped with an energy dispersive
spectroscopy (EDS) detector. The working voltage employed for EDS mapping was 20 kV.
Raman spectra was obtained using a HORIBA Scientific LabRAM equipped with a 532.3
nm laser excitation source. Raman spectroscopy maps were collected in autofocus mode
with a spatial resolution of ca. 2 µm. The detailed structure of carbon coated LFP particles
were investigated using HRTEM (JEOL 2010 FEG) operating at an accelerating voltage of
20 kV while diffraction patterns were recorded using SAED mode. The X-ray absorption
spectroscopy (XAS) measurements were carried out at the Canadian Light Source (CLS)
using the Soft X-ray Microcharacterization Beamline (SXRMB) at the University of
Saskatoon, Saskatoon, Canada. Measurements were carried out under vacuum conditions
(10-7 torr) in either total fluorescence yield (FLY, bulk sensitive) mode and total electron
yield (TEY, surface sensitive – 5nm) mode.
Electrochemical tests. The electrochemical performance of carbon coated LFP were tested
in 2032 coin cells, using a Li metal foil as a counter electrode. 1M LiPF6 in EC, DEC, and
EMC with a volume ratio of 1:1:1 was employed as an electrolyte along with Celgard 2400
as a separator. Cells were assembled in an Ar-filled glove box with oxygen and water levels
below 1 ppm. Charge-discharge cycling using a constant current mode was performed on
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an Arbin BT-2000 Battery Test System. All the electrochemical measurements were
carried out in a voltage range of 2.2-4.2 V at RT.

3.3 Result and discussion
Detailed physical investigation of the Fe2P2O7 phase change in different size LiFePO4
(LFP) was presented in Fig.3-1. LFP particles with different size were achieved by ball
milling LFP ingot sample, with a ranging from micron (19 µm) to nano (60 nm) (Size
distribution in Fig. S3-1). The relationship between particle size and Fe2P2O7 formation
were investigated in details, XRD patterns of the phase composition of carbon-coated LFP
powders were collected in Fig. 3-1a. Small peaks in the XRD within the range of 28-33º
(grey area) increase in intensity with increasing LFP particle size. This range of peaks can
be assigned to Fe2P2O7 (JCPDS No 76-1762), suggesting that increased LFP size results in
high amount of Fe2P2O7. As LFP particle sizes decrease, Fe2P2O7 peaks diminish and are
virtually non-existent at sizes below 150 nm (See the circle inset in Fig. 3-1a). To obtain
further evidence for the size-dependent relationship on the formation of Fe2P2O7 phase,
three samples of size 560 nm, 150 nm, and 60 nm were characterized using high resolution
transmission electron microscope (HRTEM, Fig. 3-1b). For 560 nm LFP, two sets of
diffraction patterns are observed. One can be assigned to bulk phase LiFePO4 while the
other is attributed to Fe2P2O7 impurity phase (inset of 560 nm LFP in Fig. 3-1b), indicating
the co-existence of these two phases. Interestingly, HRTEM reveals the presence of a thin
carbon layer approximately ~2nm in thickness. This layer is closely followed by a thin strip
of Fe2P2O7. In contrast, the smaller particles (60 nm) or the critical size (150 nm) particles
show no evidence of Fe2P2O7 impurity (150 nm LFP and 60 nm LFP in Fig. 3-1b),
remaining as pure LiFePO4 phase. The carbon layer covered on the two different LFP
particles is ~5 nm (150 nm LFP) and ~8 nm (60 nm LFP), respectively, suggesting thicker
carbon layer for a smaller LFP. It is evident that the impurity phase Fe2P2O7 formation
during carbon coating process is size dependant and the critical size is 150 nm. With such
a value in mind, we can instruct the manufacturer to produce the right size for impurity free
LFP with suitable tap density.
Fe2P2O7 is an electrochemically inert phase and therefore influences electron and lithium
transportation, leading to decreased capacity and cycling stability. To investigate this
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effect, electrochemical performance of LFP particles with different sizes were evaluated at
a current density of 0.1 C (1C=170 mAh g-1), as shown in Fig. 3-1c. Clearly, smaller
particle sizes deliver increased capacity compared to their larger-sized counter parts. For
example, 19 µm LFP particles only deliver a discharge capacity of 100 mAh g-1 in the first
cycle with capacity fading to 61 mAh g-1 after 100 cycles (capacity retention of 61%). On
the contrary, the 60 nm LFP sample exhibits a very stable discharge capacity of 160 mAh
g-1, with 100% capacity retention after 100 cycles. The other different-sized LFP (from
150 nm to 560 nm) follow the same trend in between the 19 micron-size and 60 nm LFP.
However, the performance here includes the influence of impurity phase and particle size.
In the next section, we will exclude the influence of particle size, as the smaller size LFP
is impurity free while the bigger size LFP has different level of impurity, which makes the
evaluation of impurity phase difficult.
a

b

60 nm
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Figure 3–1 Size dependent effect of Fe2P2O7 impurity phase formation during
carbon coating (700 °C). (a) XRD pattern of different size. Right side shows the
impurity phase region. (b) HRTEM characterization of 560 nm, 150 nm and 60 nm
LiFePO4 particles. Scale bar, 5nm in HRTEM and 500, 200, 100 nm respectively in
tree insert panel. (c) Cycle performance of LiFePO4 particles at 0.1C (1C=170 mA g1).

Additionally, temperature plays an important role in the formation of Fe2P2O7 impurity
phase during the carbon coating process. The 19 µm LFP particles were initially studied to
determine the influence of temperature on the formation of Fe2P2O7, Fig. 3-2a illustrated
the phase change of LFP during carbon coating. XRD patterns are taken within a
temperature range of 400-850 ºC with a 50 ºC interval. From the peaks shape between 28º
and 33º in Fig. 3-2a, it can be clearly seen that the Fe2P2O7 impurity phase changes with
temperature. Diffraction peaks for Fe2P2O7 impurities begin to appear at 450 ºC and their
intensities become stronger as annealing temperatures reach 750 ºC. Interestingly, the
diffraction peaks for Fe2P2O7 impurity disappears at temperatures above 800 ºC (inset in
Fig. 3-2a in the range of 28º to 33º). Sensitivity toward detecting Fe2P2O7 impurity as a
function of temperatures provides important insight on surface chemistry of LFP during
the carbon coating process, therefore, we further investigate the phase evolutions as a
function of temperature using an in-situ XRD heating stage (Fig. S2). From these
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experiments we observe the same phase change trend as ex-situ XRD samples, suggesting
instability of Fe2P2O7 phase at high temperature. Furthermore, we also extended the same
experiment at smaller LFP particles. The similar trend of appearance and disappearance of
Fe2P2O7 impurity with temperatures is observed in LFP particles with smaller size (560 nm
and 50 nm LFP) at 400-800 ºC. The difference among these three size LFP samples is that
the critical temperature for disappearance of Fe2P2O7 impurity decreases with smaller LFP
particle sizes. (See Fig. S3-3a and b).
To obtain further evidence of surface changes, sub-micron particles (560 nm LFP) were
chosen as a suitable model for morphology and crystal structure investigation. From SEM
images of 560 nm LFP (Fig. S3-3c), no obvious surface chemistry changes were observed
for two different temperature (700 ºC and 800 ºC) coated LFP samples. Slight particle
growth for samples annealed at 800 ºC is observed by estimating the size-distribution, it is
a phenomenon commonly found for nano LFP. Therefore, detailed structural information
through HRTEM and SAED characterizations were performed to verify surface chemistry
changes. A clear difference in both the SAED patterns and HRTEM images of two coated
samples can be seen in Fig. 3-2b. Compared with 700 ºC LFP samples, the SAED pattern
for 800 ºC LFP samples shows only one set of diffraction peaks, which can be identified
and indexed as LFP. Furthermore, HRTEM images reveal LFP pure surface with no trace
of Fe2P2O7, covered with a thick~6.6 nm carbon layer, which is consistent with XRD
analysis in Fig. 3-2a.
As demonstrated earlier, LFP performance is influenced by amount of Fe2P2O7 impurity as
well as LFP particle size. To exclude the influence of particle size, we examined the
electrochemical performance of 19 µm LFP treated with different temperatures (Fig. 3-2c).
It seems that electrochemical performance can be correlated to amount of Fe2P2O7 impurity
phase. Our results demonstrate that an increased amount of impurity leads to quick capacity
decay and loss of reversible capacity. Furthermore, rate performance testing on the 700
ºC, 800 ºC samples and 750 ºC sample with more Fe2P2O7 indicates that a diminished
performance is observed for 750 ºC sample with increase impurity content, especially at
higher rate. This phenomenon may be ascribed to the inert nature of Fe2P2O7. During
electrochemical cycling, Fe2P2O7 impurity phase impedes lithium-ion mobility and inhibits
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its ability to access active LFP. As lithiation and delithiation continues, lithium ions
accumulate at the interface between the impurity layer and the active layer leading to rapid
loss of capacity. However, we cannot completely rule out that the difference in
electrochemical performance treated at different temperature are caused by different
carbon coating quality. One possible reason for good performance for C/LFP sample
annealed at 800 ºC is the high conductivity of the carbon layer, which can benefit for the
rate capability. Further investigation is needed to confirm the blocking effect of Fe2P2O7
phase.

a

b

700 °C

700 °C

800 °C

800 °C
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Figure 3–2 Temperature dependant effect of Fe2P2O7 impurity phase during carbon
coating. (a)XRD pattern of micro (19 µm) LFP particles after carbon coating at
different temperature. (b) HRTEM of 560 nm C/ LiFePO4 particles at 700 ºC and
800 ºC. Scale bar, 5 nm in HRTEM, 500 nm in the insert TEM images. (c)
Electrochemical performance of micro (19 µm) LFP samples annealed at three
different temperatures at different rate current density (0.1 C, 0.2 C, 0.5 C, 1C, 5C,
10C) (1C=170 mA g-1) and long term cycle performance of 0.1 C in the inset.
Apart from effect of temperature, annealing atmosphere plays an important role in LFP
carbon coating process. In an effort to reduce the amount of Fe2P2O7 impurity phase at
elevated temperature, we introduced reductive gas (H2 and NH3 gas) to amplify the
reducing atmosphere effect on LFP. Fig. 3-3 illuminates the atmospheric dependent nature
of Fe2P2O7 impurity phase in LFP particles during the carbon coating process. Carbon
coating were performed for 19 µm LFP in the temperature range of 400-700 ºC for Ar/H2
(95:5) and 300-600 ºC for Ar/NH3 (95:5). XRD patterns of 19 µm LFP taken after using a
Ar/H2 reducing atmosphere (Fig. 3-3a) demonstrates that the critical temperature for
removal of Fe2P2O7 phase decrease from 800 ºC in pure Ar to 700 ºC, indicating a narrower
phase stable region. For an Ar/NH3 annealing atmosphere (Fig. 3-3b), critical temperature
of 600 ºC is observed for the removal of Fe2P2O7 phase in 19 µm LFP. Compared to pure
Ar, the appearance of Fe2P2O7 temperature region for 19 µm LFP also decreases from a
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range of 500-700 ºC to 400-500 ºC in Ar/NH3. For 560 nm LFP, Fe2P2O7 impurity phase’s
region narrow down in Ar/H2 and then totally diminish in Ar/NH3. (See Fig. S3-4, S3-5).
More interestingly, with the reducing atmosphere of H2 and NH3, 60nm LFP is completely
free of Fe2P2O7 impurity phase in the temperature range of 400-700 ºC (See Fig. S3-4, S35).
Detailed morphology and crystal structure information of samples annealed at different
atmosphere were investigated, using 560 nm-size LFP as an example. From the SEM
images in Fig. S3-4c, no obvious surface changes and particle size changes could be
observed for both Ar and Ar/H2 atmosphere annealed 560 nm LFP samples. However,
structural information from HRTEM and SAED characterizations confirm surface
chemistry change following different annealing atmosphere. From SAED patterns in Fig.
3-3c, two set diffraction patterns of Fe2P2O7 and LFP are presented in 560 nm LFP sample
coated in Ar atmosphere whilst there is only one set diffraction pattern of LFP in 560nm
LFP sample coated in Ar/H2 atmosphere. Furthermore, 560 nm LFP treated in an Ar
atmosphere display characteristics lattice of Fe2P2O7 impurity in the HRTEM of Fig. 3-3c,
while clean surface is presented for 560 nm LFP coated in Ar/H2 atmosphere.
An outline demonstrating the influence of size, temperature and atmosphere on formation
of Fe2P2O7 impurity phase during LFP carbon coating is presented in Fig. S3-6. From XRD
patterns obtained herein, we demonstrate the ability to control the formation of Fe2P2O7
phase and provide an avenue toward obtaining pure LFP through fine tuning important
synthesis parameters. This map will instruct manufacturers as well as researchers a method
toward producing impurity-free LFP.
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Figure 3–3 Atmosphere dependant effect of Fe2P2O7 impurity phase during carbon
coating. (a) XRD of 19 µm C/ LiFePO4 particles Ar/H2, (b) Ar/NH3, (c) HRTEM
images of 560 nm C/ LiFePO4 particles at Ar and Ar/H2. Scale bar, 5 nm in
HRTEM, 100 nm in the insert TEM images.
Fig. 3-4 displays the phase transition diagram for Fe2P2O7 phase with respect to LFP
particle size, annealing temperature, and annealing atmosphere. Formation temperature
for Fe2P2O7 phase, in an Ar atmosphere, remains constant from 320 nm to 19 µm until
LFP particles size increases into the millimeter range. On the other hand, there is an
obvious difference in the temperature necessary for the removal of Fe2P2O7 phase in
smaller LFP particles. Specifically, for 150 nm and 60 nm LFP particles, the temperature
necessary for removal of Fe2P2O7 phase is suppressed down to 700 ºC. More importantly,
we find that the stability region of Fe2P2O7 is further reduced with the addition of a
reducing atmosphere (H2 and NH3). Highly pure LFP particles are easily obtained as the
Fe2P2O7 stable region in the phase diagram becomes smaller. Such a unique phase
transition phenomenon should be related to interface reactions between carbon and the
underlying LFP.

123

Figure 3–4 Phase transition diagram of Fe2P2O7 with respect to size, temperature
and atmosphere. Red circles label the Fe2P2O7 formation temperature, Tc, with
change in particles size. Blue circles label the Fe2P2O7 removal temperature, Tc,
with change in particles size. Solid red and blue lines define the edge of phase
transition in Ar atmosphere, dash lines define the edge of phase transition in Ar/H2
and dot line define the edge of phase transition in Ar/NH3
In our previous work, we hypothesized that smaller particles undergo a high rate of
carbon deposition, resulting in rapid formation of carbon layer on the surface of LFP.
This process then in-turn limited lithium depletion at surface, thereby preventing the
surface change from LFP to Fe2P2O7. On the contrary, bigger particles underwent a slow
carbon deposition rate, resulting in fast lithium depletion at the surface as well as lithium
evaporation during the carbon coating. [21] In light of the evidence presented herein, we
offer an alternative thermodynamic interpretation for the underlying mechanism on the
formation of Fe2P2O7 phase during carbon coating. (Fig. 3-5)
Carbon coating inherently invokes a reducing environment due to the high temperature
and reducing agents involved. At relatively lower temperatures (<300 ºC), the formation
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of Fe2P2O7 is unfavorable because a limited amount of hydrocarbon decomposition
occurs, resulting in a small amount of reducing gas being produced. As temperature
increases, the amount of reducing gas produced also increases, and formation of Fe2P2O7
occurs more readily. More intriguing phenomenon is the stability region of Fe2P2O7
phase under reducing environment. First principle calculation conducted by Ceder et
al[11], revealed that Fe2P2O7 phase appears when the oxygen chemical potential reaches
µ𝑜2 = -12.38 eV, and disappears at -16.08 eV(see supplementary information about
oxygen chemical potential). Thus, Fe2P2O7 phase has a thermodynamic stability region
between oxygen chemical potential µ𝑜2 of -12.38 to -16.08. µ𝑜2 is determined by
temperature and partial pressure of oxygen, simultaneously. With higher temperatures,
lower oxygen partial pressures and/or the presence of reducing agent, lower value µ𝑜2 is
deemed. Herein, we find that the formation of Fe2P2O7 phase during carbon coating is
dependent not only on the oxygen chemical potential, but also on the particle size of LFP
samples.
In a typical carbon coating process under Ar gas, a high value of oxygen chemical potential
µ𝑜2 at low coating temperature, which is unfavorable for formation of the Fe 2P2O7 phase.
When µ𝑜2 approaches close to -12.38 eV at 450 ºC in micro-size LFP (19 µm), the
formation of Fe2P2O7 phase begins. Therefore, the formation of Fe2P2O7 phase becomes
thermodynamically favourable as temperature increases, resulting in more crystalline
Fe2P2O7 phase in LFP. Further increasing the coating temperature (above 800 ºC), Fe2P2O7
becomes thermodynamically unstable as µ𝑜2 decreases below -16.08 eV. This explains the
temperature-dependent phenomenon of Fe2P2O7 phase formation during LFP carbon
coating process. On the other side, µ𝑜2 is also determined by oxygen partial pressure, which
could be influenced by the presence of reducing gas. For smaller sized LFP particles (560
nm and 60 nm), more reducing gas (H2) is formed due to rapid decomposition supplied
carbon, originating from high catalytic of surface Fe atoms.[21] This phenomenon is
supported by the observation of a relatively thick carbon layers deposited on the surface of
smaller LFP particles (HRTEM images in Fig. 3-1). Thus, lower µ𝑜2 value will be obtained
for small-LFP particles at the same temperature of big LFP particles because presence of
more reducing agent leads to lower oxygen partial pressure 𝑃𝑂2 . Therefore, the amount of
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Fe2P2O7 formed on LFP surface decreases with particle size decreasing. Especially, 60 nm
and 150 nm LFP particles are free of Fe2P2O7 phase because they have reached the critical
µ𝑜2 value at 700 ºC. When a reducing gas (H2) is intentionally introduced during the LFP
carbon coating process, oxygen partial pressure 𝑃𝑂2 inherently decreases and the critical
temperature for removal of Fe2P2O7 for 19 µm LFP in Ar/H2 declines below 700 °C. This
is a result of decreasing oxygen chemical potential, which has been shown to influence the
presence of Fe2P2O7. Furthermore, Fe2P2O7 phase is removed at even lower temperatures
for smaller LFP particles (560 nm and 60 nm LFP) because in-situ production of more
reducing H2 via decomposition of the carbon source alters the oxygen partial pressure.
When the reducing gas employed is ammonia (NH3), both the formation and removal
temperatures of Fe2P2O7 phase are greatly reduced for all LFP particles due to a large
decrease in 𝑃𝑂2 , resulting in decreased µ𝑜2 , regardless of temperature. Therefore,
atmospheric conditions during the carbon coating process is important in the formation of
Fe2P2O7 phase.

Figure 3–5 Schematic diagram of phase formation on LFP. A schematic diagram
illustration of the relationship of Fe2P2O7 transformation during carbon coating
with respect to oxygen chemical potential ( µ𝑶 𝟐 ).
To provide further evidence for our thermodynamic mechanism, we employed LFP ingot
as a model sample to study the Fe2P2O7 phase change under different carbon coating
conditions. The morphologies of LFP ingot under different carbon coating temperature
are shown in Fig. S3-7, ranging from 600 ºC to 900 ºC. SEM images of samples treated
at 600 ºC reveal a relatively flat surface with only thin layer of carbon while samples
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treated at a higher temperature (700 ºC) appear to have island-shaped phases distributed
on the surface. The island shape phase is associated with lattice mismatch stress between
surface and bulk phases.[21,26] Increasing the temperature to 800 ºC results in the
growth of these island phases. However, further increasing the temperature beyond 800
ºC leads to the disappearance of island shaped phases. A detailed study on with narrower
temperature step shows that the surface phase formation region begins as low as 650 ºC,
and end at 875 ºC (Fig. S3-9, S3-10). The XRD patterns of the ingot sample also confirm
phase changes occurring following the carbon coating at different temperature (Fig. S37(e)), where the peaks of Fe2P2O7 phase changes in accordance with the island-phase
formed on the surface of LFP ingot. In addition, Raman characterization was performed
on LFP ingot after carbon coating to determine specifics information about LFP crystal
structure. Raman spectra, presented in Fig. S3-8, reveals the presence of two different
crystal structures for LFP coated at 800 ºC. One is attributed to Fe2P2O7 phase while the
other is crystalline LFP. Furthermore, using Raman mapping, phase distribution of LFP
and Fe2P2O7 can be determined. The change of surface phase was also confirmed by FeK edge X-ray Absorption Near Edge Structure (XANES) spectra shown in Fig. S3-7 (f).
The Fe2P2O7 phase evolution process on the top of LFP ingot is illustrated in Fig. S37(g). When the LFP ingot is coated at a low temperature (µ𝑜2 value bigger than -12.38
eV), the formation of Fe2P2O7 phase is thermodynamically unfavorable. Once the
temperature increase and lower µ𝑜2 value less than -12.38 eV is obtained, the Fe2P2O7
phase formation begins and becomes more obvious with the decrease of µ𝑜2 value. But, if
the µ𝑜2 value is lower than -16.08 eV, the Fe2P2O7 phase is thermodynamic unstable.
Therefore, no Fe2P2O7 phase could be observed at even higher temperature. If we extend
the experimental in a reducing environment with the presence of H2, as expected by the
thermodynamic discussion above, the Fe2P2O7 phase stable region is shifted to lower
temperature (see Fig. S3-11).

3.4 Conclusion
In conclusion, we have shown that the formation of an impurity phase on the surface of
LFP is dependent on particle size, temperature and atmosphere during the carbon coating
process and is governed on the basis of thermodynamic principles. In a mild reducing
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atmosphere of argon gas, Fe2P2O7 phase is formed at low temperatures and becomes
unstable and disappears as temperature increases, regardless of particle size. In a more
reducing atmosphere, Fe2P2O7 is stable within a narrow temperature range for micro-size
LFP particles and is easily limited for smaller-sized LFP particles. Our detailed
investigation demonstrates that the phase purity of LFP can be controlled through either
changing particle size, annealing temperature and/or reaction atmosphere. This
investigation provides a path toward producing high-quality LFP for practical
manufacturing purposes. Further, such a size, temperature and atmospheric dependant
surface phase change behavior may be extended to other olivine phosphate or insulated
electrodes that also undergo carbon-coating.
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Supporting information

Figure S3-1. (a-g) FE-SEM images and the size distribution profiles of different sizes.
Scale bar is 50 µm in (a,b), 10 µm in the (c,d), 2 µm (e-f), 1 µm(g).
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Fe2P2O7

Figure S3-2. In-situ XRD of 19 µm LFP subject to heating in Ar atmosphere. The
samples is heated from 300 °C to 800 °C, and a measurement is take from 28-33° after
the sample is annealed at target temperature for 30 minutes and then hold at that
temperature.
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Figure S3-3. XRD pattern of 560nm LFP particles (a) and 60nm LFP particles (b) at
different temperature after carbon coating in Ar. In the case of 500 nm LiFePO4, it shows
the same trend as 19 µm LiFePO4. For the 60 nm LiFePO4, Fe2P2O7 is observed in a
range of temperature from 500-600 ºC. (c) is the SEM images of 560 nm LFP at 700 ºC
and 800 ºC. Scale bar is 5 µm.
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Figure S3-4. XRD pattern 560nm (a) and 60nm (b) LiFePO4 particles after carbon
coating at different temperature under Ar/H2. In the case of 560 nm LiFePO4, only 560
nm samples at 500 ºC can observe the presence of Fe2P2O7. And the 60 nm LiFePO4 is
free of Fe2P2O7. (c) is the SEM images of 560 nm LFP coated in Ar and Ar/H2 at 700 ºC.
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Figure S3-5. XRD pattern 560nm (a) and 60nm (b) LiFePO4 particles after carbon
coating at different temperature under Ar/NH3. Both particles are free of Fe2P2O7.
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Figure S 3-6. A summary of XRD pattern shows the Fe2P2O7 phase content in LiFePO4 with
respect to size, temperature and atmosphere.

The definition of oxygen chemcial potential
The oxygen chemical potential term, which can be written as:
µ𝑜2 (𝑇, 𝑃𝑂2 ) = µ𝑜2 (𝑇, 𝑃0 ) + 𝑘𝑇𝑙𝑛

𝑃 𝑂2
𝑃0

Equation S3-1

Where 𝑃𝑂2 is the partial pressure of oxygen, 𝑃0 is a reference oxygen partial pressure,
which is 0.1 MPa in this work, µ𝑜2 (𝑇, 𝑃0 ) is the oxygen chemical potential at the
reference partial pressure and temperature T, and k is the Boltzmann’s constant. From
above equation, we know that µ𝑜2 is determined by the temperature and oxygen partial
pressure. Higher temperature and strong reducing atmosphere result in smaller µ𝑜2 value.
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Figure S3-7. Surface phase evolution under temperature change. (a-d) SEM images of
surface phase on the LiFePO4 Ingot after carbon coating (600-900 ºC). Scale bar: 1mm
and 50 µm. (e) XRD patterns of Ingot samples at different temperature (600-900 ºC). (f)
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Fe K-edge XANES spectra of C/LiFePO4 ingot sample at 800 ºC (blue) and 900 ºC
(olive), with the comparison of pure LiFePO4(black) and Fe2P2O7 (red). (g) Schematic
illustration of the ingot surface change under carbon coating.

Figure S3-8. Surface phase on LFP ingot after coating at 800 ºC. (Left) SEM-EDS
images of surface phase on the LiFePO4 Ingot; (Right) Raman spectra and mapping of
surface phase on the LiFePO4 Ingot.
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Figure S3-9.(a-c) SEM images of surface phase on the LiFePO4 Ingot after carbon
coating (alcohol as the carbon precursor) at (a)650 °C, (b)750 °C, (c)850 °C.(d) XRD
patterns of Ingot samples different temperature. The results shows that the impurity phase
is greatly reduced at 850 °C.

Figure S3-10. SEM images for the surface phase change occurs at C/LiFePO4 after 20
mins carbon coating process (alcohol as the carbon precursor). A detailed study of carbon
coating on LiFePO4 indicated that the surface phase start to reduced at 825 °C, and
dissolved at 850 °C and the disappear 875 °C.
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(a)

(b)

(c)

(d)

Figure S3-11. Surface phase evolution under temperature change in Ar/H2. (a-d) SEM
images of surface phase on the LiFePO4 Ingot after carbon coating (500-800 ºC).
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Chapter 4

4

Evidence of size-dependant conductive phase on
lithium iron phosphate during carbon coating

Carbon coating is a commonly employed technique for improving the conductivity of
active materials in lithium ion batteries. The carbon coating process involves pyrolyzing
organic substance on LiFePO4 particles at elevated temperature to create a highly
reducing atmosphere. This may trigger the formation of secondary phases to appear in
active materials. Here, we observe a new size, temperature and annealing atmospheric
dependent conductive phase formation during the carbon coating process of LiFePO4.
The formation of this new phase is related to the reducing capability of the carbon
coating process. This finding can guide us to control the phase composition of carbon
coated LiFePO4 and to tune its quality during the manufacturing process.
Key words: Carbon coating, lithium iron phosphate, conductive phase, size dependent

4.1 Introduction
Since the first report in 1997, olivine LiFePO4 (LFP) as an environmentally benign and a
safer cathode material has been widely studied in the field of energy storage.[1]
Considerable efforts have been devoted toward improving the intrinsic low electronic and
ionic conductivity of this material.[2-4] Surface carbon coating is often used to increase
the electrical conductivity of LFP and has proven to be an effective strategy.[4,5] This
has led to significant progress for the wide-spread application of LFP in commercial
lithium ion batteries during last two decades.[6-8] However, an in-depth understanding of
surface chemistry change during the carbon coating process remains elusive. Carbon
coating usually involve a strong reducing environment and often requires high
temperature. This increases the reaction kinetics between the surface of LFP and the
supplied carbon.[9] As a result, secondary phases will form on the surface, thereby
altering the electronic/ionic conductivity of LFP.[10-14] Because the carbon coating
process on LFP is a multi-component system at small scale, it is very difficult to define
the presence of secondary phase, to map the distribution of secondary phase, to record the
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change of secondary phase and the control of secondary phase. Therefore, understanding
formation mechanism for emergence of secondary phases would be highly beneficial,
especially for LFP manufacturers.
In our previous study, we found interface reactions occurring between the carbon layer
and LFP during the carbon coating process. The evaporation of lithium at high
temperature results in the formation of an inert impurity phase Fe2P2O7. With the help of
advance techniques, we clearly recorded the location and distribution of surface phases
and hypothesized the formation of Fe2P2O7.[15] Our next study shows that the amount of
the Fe2P2O7 phase can be controlled, and even be fully removed by tuning parameters
applied during the carbon coating process. However, removal of a negative secondary
phase in LFP is not the only objective to produce high quality LFP. It would be also
essential to improve the electrochemical performance of LFP by tuning electronic
conductivity. There have been numerous attempts to increase the electronic conductivity
of LFP such as forming a percolating carbon network on the surface of LFP.[12-14] Also,
the coating formed on the LFP surface to enhance the lithium ion conductivity also attract
great interesting through off-stoichiometry composition and lithium containing phase
coating. Surface engineering on the LFP with the aim of improving the electrochemical
performance has been a very promising direction in this field.[14,16-18] Our research
goal is to engineer the chemical composition of LFP surface via carbon coating. This
method may be effective in creating an appropriate off-stoichiometry LFP with uniform
carbon coating on the surface. Such a unique carbon coated LFP materials could
simultaneously resolve both low lithium ion conductivity and electronic conductivity.
Due to complexity of interface reaction, there is no direct way to visualize and monitor
the surface chemistry change during carbon coating process. Recently, melt-casting has
been shown to be a promising technique in preparing LFP.[19,20] After polishing the
surface of melt-casted LFP ingot, a large flat surface can be obtained. A mirror surface
take the advantage of visualization of detailed surface chemistry changes during carbon
coating process, which would greatly help us to understand the reaction at the
interface.[9]
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In this work, LFP ingot and LFP particles, with different sizes, have been used to
demonstrate and present a size dependent conductive secondary phase formation during
carbon coating. Furthermore, surface phase changes are correlated to temperature and
reducing atmosphere, as well. Therefore, formation of secondary phase is controlled by
LFP particle size, annealing temperature and reducing atmosphere, simultaneously. LFP
particles with appropriate amount of conductive phase are obtained by carefully tuning
coating parameters during carbon coating process. The improved electrochemical
performance of LFP materials with conductive phase suggest that such secondary phase
has a positive influence. From a thermodynamic point of view, we propose single unified
mechanism that can be used to describe the formation of Fe2P phase under different
circumstance. Specially, we use LFP ingot sample to demonstrate the direct visualization
of this phase change mechanism during carbon coating. Our study on carbon coated LFP
may also enlighten the interests on the interface chemistry research, especially, reactions
of insulating materials in reducing atmosphere.

4.2 Experimental details
Carbon coating on LFP. LiFePO4 ingot samples were provided by Phostech Lithium Inc.
(Now, Johnson Matthey, Montreal, Canada). The carbon coating procedure used can be
found in our previous report.[15]
LFP ingot was used as a base material that was cut into smaller sizes. Ingot samples were
used for two reasons: the first is its commercial availability, and the second is that an ingot
offers a flat, smooth and polished surface that is ideal for observing and investigating
surface phase changes following carbon coating. Experimental details regarding the meltcasting process employed for obtaining LFP ingot can be found in previous work.[19,20]
In order to obtain a flat surface, ingot samples were polished using coarse (Grit 120) to fine
grade (Grit 1500) sandpaper (London, 3M Canada). The polished samples were then
cleaned in an ultra-sonicator using an ethanol solution.
LFP ingots were then ball-milled in isopropyl alcohol for various times using ZrO2 balls to
obtain LFP powder with different sizes. Following ball-milling, the obtained samples were
dried in a vacuum oven prior to carbon coating.
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Carbon-coating of ingot samples was performed using a spray-pyrolysis system, which was
previously developed for the synthesis of various nanomaterials. Alcohol was used as a
carbon precursor with Ar as a carrier gas. Briefly, ingot samples were placed in an Al 2O3
crucible and loaded into a quartz tube. The ends of the tube were capped using vacuums
gear and Ar (with H2) was introduced for 20 min to eliminate the air. Next, the furnace was
heated at a heating rate of 5 ºC/min, and the carbon-coating process was performed at
temperatures ranging from 800 ºC to 900 ºC for 20 min. After the carbon coating process,
the coated samples were cooled to room temperature in the same Ar atmosphere and then
removed from the quartz tube.
Carbon coating of LFP powders was performed in a similar manner to ingot samples but
lactose was employed as a carbon source rather than alcohol. LFP powders were
homogenously mixed with lactose using water or isopropyl alcohol. The suspension was
then mixed ultrasonically, and was then allowed to evaporate to dryness. The samples were
annealed in Ar (with H2, NH3) atmosphere at a ramp rate of 5 ºC/min at 600 ºC to 900 ºC
for 1 hour.
Physical characterization. Crystal structure and phase composition of carbon coated LFP
were collected using X-ray diffraction (D8 Advance, Bruker) in the range of 10-90° with
a step of 0.01° per seconds. Slow scans in the range of 28-33° were also performed to
provide detail on the formation of impurity phases. The carbon coated LFP powders were
also investigated using Hitachi 4800 SEM equipped with an energy dispersive
spectroscopy (EDS) detector. The working voltage employed for EDS mapping was 20 kV.
Raman spectra was obtained using a HORIBA Scientific LabRAM equipped with a 532.3
nm laser excitation source. Raman spectroscopy maps were collected in autofocus mode
with a spatial resolution of ca. 2 µm. The detailed structure of carbon coated LFP particles
were investigated using HRTEM (JEOL 2010 FEG) operating at an accelerating voltage of
20 kV while diffraction patterns were recorded using SAED mode.
Electrochemical tests. The electrochemical performance of carbon coated LFP were tested
in 2032 coin cells, using a Li metal foil as a counter electrode. 1M LiPF6 in EC, DEC, and
EMC with a volume ratio of 1:1:1 was employed as an electrolyte along with Celgard 2400
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as a separator. Cells were assembled in an Ar-filled glove box with oxygen and water levels
below 1 ppm. Charge-discharge cycling using a constant current mode was performed on
an Arbin BT-2000 Battery Test System. All the electrochemical measurements were
carried out in a voltage range of 2.2-4.2 V at RT.

4.3 Result and discussion
Surface phase formation. As shown in Fig. 4-1, an intriguing phenomenon of sphericallike phase growth can be seen on the surface of the carbon coated LFP ingot at 900 °C,
and is distinctively different from the matrix in morphology. A close-up view shows that
the spherical like phase is not uniform, with different sizes and shapes observed at
various locations. Using energy-dispersive X-ray spectroscopy (EDS) mapping, this
surface phase assigned as a Fe rich phase covered by a layer of carbon. We propose that
these surface changes are correlated to the carbon coating process as these observations
are not found under H2 reduction or pure Ar atmospheric atmospheres where no carbon is
present (Fig. S4-1.).
a
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Figure 4–1 Surface conductive phase formation during carbon coating process. (a)
Upper panel: SEM images (left side), BSE images (middle and right); lower pane:
EDS mapping of surface conductive phase formation on LiFePO4. (b) Schematic
representation of surface conductive phase formation on LiFePO4. Scale bar, 1 mm
(SEM image), 200 µm (BSE), 50 µm (right side BSE and lower panel)
Characterization of the size-dependent surface phase. To verify our findings, we
further extend our study to powder samples with varying sizes. LFP particles ranging
from micro-sized (19 µm) to nano-sized (60 nm) were obtained by ball milling LFP ingot
sample (size distribution can be found in Fig. S4-2. Fig.4-2a reveals XRD patterns of the
phase composition of carbon-coated LFP with different size. Small peaks in the range of
38-48º (grey area) are clearly observed for all LFP particles, and can be assigned to Fe2P
(JCPDS No 85-1725). As LFP particle size decreases, peak intensities for Fe2P intensifies
(See the inset in Fig. 4-2a). To support the evidence for a size dependent relationship on
the formation of Fe2P, two types of LFP samples with size of 560 nm and 60 nm were
characterized using transmission electron microscope (TEM) following carbon coating at
900 ºC. It is seen that the size distributions of 560 nm and 60 nm LFP particles has grown
due to high temperature (Fig. S4-4). Interestingly, Fig. 4-2b displays small spherical
particles adjacent to larger LFP particles. Selected Area Electron Diffraction (SAED)
pattern of that particulate are consistent with Fe2P [001]. Moreover, the amount of Fe2P
phase formed on the 60 nm LFP is bigger than that found for 560 nm LFP. This provides
good evidence for a correlation existing between Fe2P phase formation and LFP particle
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size. From the inset of the HRTEM images in Fig. S4-5, the carbon coating on Fe2P is
about 6 nm and is thicker than the carbon coating on LFP, which is around 3 nm. The
smaller size Fe2P with thicker carbon coating would be beneficial in improving LFP
conductivity.
To get a clear evidence of phase change process, carbon coating was directly observed on
powder LFP (nano size LFP) by in-situ SEM observations combined with injection of
carbon precursor.[15] Following carbon precursor injection, particles begin to aggregate
and then shrink, ending with a melted product. Using a higher magnification SEM (Fig.
S4-3), the formation of secondary phase on the surface of primary LFP particles can be
seen.

a

b

Figure 4–2 Size dependant phenomenon of Fe2P phase formation. (a) XRD pattern
of different size LFP particles after carbon coating at 900 ºC. (b) HRTEM Fe2P
phase for 60 nm LFP and 560 nm LFP annealed at 900 ºC. Inset shows the SAED
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pattern of Fe2P phase and HRTEM images of Fe2P phase. Scale bar, 500 nm in
TEM, 5 nm in HRTEM
Temperature and atmosphere dependent of new phase. The Fe2P new phase could be
easily formed at high temperature carbon coating on LFP particles. Fig. 4-3a displays the
formation of a new phase following carbon coating of 60 nm LFP at different
temperatures. The XRD pattern reveals the formation of Fe2P to begins at 850 ºC and
increases in peaks intensity at 900 ºC, suggesting that phase formation of Fe2P is
temperature dependent. If we extend the LFP particle size to 560 nm and 19 µm, 560 nm
LFP shows size-dependent phenomenon as 60 nm LFP (Fig. S4-4) but the Fe2P phase
formation is delayed to 900 ºC (Fig. S4-5). This suggest that the Fe2P phase formation is
related to both size and temperature.
Apart from temperature, annealing atmosphere is another critical factor during carbon
coating of LFP. To investigate the influence of annealing atmosphere, we intentionally
introduce H2 gas during the carbon coating process and observe the corresponding surface
phase changes. Fig. 4-3b displays the atmospheric dependent nature of Fe2P impurity
phase formation. Carbon coating is performed on 60 nm LFP in the temperature range of
600-800 ºC for Ar/H2. XRD patterns demonstrate that using an Ar/H2 reducing
atmosphere, a critical temperature of 700 ºC is required for the formation of Fe2P phase
rather than the 850 ºC that is required in a pure Ar atmosphere. For 560 nm LFP, Fe2P
phase formation temperature reduced to 700 ºC as well in Ar/H2. Even for 19 µm LFP
particles, Fe2P phase formation temperature was found to occur at 800 ºC, a lower
temperature than in pure Ar (900 ºC).
To further identify the Fe2P phase distribution in LFP particles, surface morphology was
examined following carbon coating at 700 ºC. SEM images, shown in Fig. S4-8,
demonstrate the formation of large crystals on 60 nm LFP following carbon coating in a
more reducing environment (Ar/H2). On the contrast, no such particles are observed for
60 nm LFP coated in Ar gas. To obtain detail information about the particles, we pick 60
nm LFP in Ar and Ar/H2 for TEM characterization. A large rod-like crystal can be seen
for 60 nm coated LFP in a reducing atmosphere. This feature can be assigned to
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hexagonal Fe2P phase based on the SAED diffraction pattern (As shown in Fig. 4-3c).
Nevertheless, no such crystal formation is observed for 60 nm LFP coated in Ar gas, and
is further supported by clear polycrystalline LFP diffraction rings. From the HRTEM
images in Fig. 4-3c, the rod-like Fe2P phase is shown to be covered by a 2 nm thick
carbon coating while the nano-LFP is covered with thicker carbon coating (5 nm). Thus,
larger Fe2P phase with thin carbon coating is observer for 60nm-LFP after carbon coating
in Ar/H2.

a

b
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Figure 4–3 Temperature dependant and atmosphere dependant phenomena of Fe2P
phase formation. (a) XRD pattern of 60 nm LFP after carbon coating in Ar from 700900 ºC, (b) XRD pattern of 60 nm LFP after carbon coating in Ar/H2 from 600-800 ºC.
(c) TEM characterization of Fe2P phase and LFP for 60 nm LFP annealed in Ar/H2 (left
side) and Ar (right side) gas at 700 ºC. Inset of left picture is the diffraction pattern of
Fe2P phase and HRTEM images, inset of right picture is the diffraction pattern of LFP
phase and HRTEM images. Scale bar, 500 nm in TEM, 5 nm in HRTEM in the left
picture. Scale bar, 200 nm in TEM, 5 nm in HRTEM in the right picture.
Electrochemical performance of LFP with new phase. In order to verify that the
electronic conductivity improvement brought on by Fe2P, electrochemical performance of
LFP was evaluated. As discussed above, Fe2P phase formation in a reducing environment
results in the formation of large crystals covered by a thin coating of carbon. This feature
may hinder lithium ion transport. Furthermore, SEM and TEM images of 60 nm LFP
coated at 900 ºC in Ar exhibits large Fe2P and LFP particles agglomerated together due to
the elevated temperature employed (Fig. S4-4, S4-5). Finally, we choose 560 nm LFP to
illustrate the effect Fe2P on the electrochemical performance of LFP. Fig. 4-4 displays
the electrochemical performance of 560 nm LFP particles following carbon coating under
various conditions. Clearly, 560 nm LFP annealed at 900 ºC has decreased capacity and
cycle performance, compared to pure LFP samples, demonstrating only 67 mAh g-1 of
capacity after 100 cycles. Two possible reasons may be given for the decreased capacity
observed. The first is related to the agglomeration of LFP particles at high temperature, as
seen in Fig. S4-4. The second reason is the high content of Fe2P phase resulting in
decreased lithium conductivity. To testify the influence of Fe2P phase content on
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performance, two 560 nm LFP samples were prepared by annealing them at 850 ºC for 20
min and 1 h, respectively. The LFP sample annealed at 850 ºC present less Fe2P phase in
LFP than 900 ºC, as indicated by the XRD pattern in Fig. S4-6, while the sample coated
at 800 ºC is pure LFP phase. However, the electrochemical performance of the sample
annealed at 850 ºC and 800 ºC demonstrates that the one annealed at a higher temperature
results in improved performance. Although the 800 ºC coated LFP sample exhibits a high
capacity in the first 60 cycles, the capacity quickly fades. Conversely, after 100 cycles,
the 850 ºC coated LFP sample manages to delivers 109 mAh g-1 while the 800 ºC coated
LFP only shows 104 mAh g-1, and capacity retention is improved from 88.9 % in 800 ºC
coated LFP to 94.0 % in 850 ºC coated LFP. If we reduce the amount of Fe2P phase by
reducing coating time to 20 min, it results in a large improvement to the electrochemical
performance with the sample delivering 125 mAh g-1 after 100 cycles with a capacity
retention of 100 %. This result indicates that carefully controlling Fe2P content can
increase the capacity of half-cell LFP electrode by improving electronic conductivity and
allowing for the formation of a conductive percolating network throughout the electrode
(Fig. 44-b).[21] [22,23] This improvement can also be attributed to the formation of a
lithium pyrophosphate phase (Li4P2O7) during the carbon coating process, as shown in
the Fig. S4-9. Lithium phosphate is known to be a good lithium ion conductor and will
aid in improving electrochemical performance.[24]
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Figure 4–4 Positive effect of conductive Fe2P phase in LFP. (a) Electrochemical
properties of 560 nm LFP with different amount of Fe2P, (b) Schematic diagram
show the positive effect of Fe2P with percolation conduction network.
The formation of conductive Fe2P phase has been previously reported by Nazar et al. [12]
However, only EDS information was presented that demonstrated an increased ratio of
Fe/P at the grain boundary of LFP slices. In a later study published by Chung et al,[25]
3D phase morphology of Fe2P was determined by a combination of electron tomography
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using high-angle annular dark-field scanning transmission electron microscopy (HAADFSTEM), EDS, and electron energy-loss spectroscopy (EELS). However, detailed study
regarding phase formation mechanism and control of the secondary phase during carbon
coating does not exists. In our work, we demonstrate the importance of carbon coating
effect on formation of Fe2P. Supplementary Fig. 4-10 and 4-11 shows the surface phase
evolution with carbon coating time, with chemical composition changing on LFP ingot,
some spherical-like Fe rich phase is formed on the surface.
Formation of Fe2P phase is dependent on size, annealing temperature and atmosphere,
which is ascribed to the interface reaction between surface carbon and underlying LFP
phase. Previously, our group proposed a carbon-competitive diffusion/deposition theory
to explain the size dependent phenomenon of impurity growth in LFP. The formation of
carbon layer on LFP involved a competition of carbon deposition on surface and carbon
diffusion into bulk LFP. [15] Smaller particles underwent a high rate of carbon
deposition, resulting in rapid encapsulation of the LFP particle with carbon. This resulted
in limited carbon diffusion to bulk LFP, leading to a thinner surface reduced layer. On the
contrary, bigger particles consumed carbon slowly and had a slow carbon deposition rate,
resulting in the carbon atoms submerging into the crystalline lattice of LFP. Then, the
surface of LFP was reduced to secondary phase. [15] Although this theory allowed us to
postulate interface reactions occurring between carbon and LFP, it provides little insight
toward the effect of temperature and reducing gas with carbon decomposition. Therefore,
we provide a new direction in understanding Fe2P phase formation mechanism during
carbon coating from a thermodynamic point of view with supporting evidence. (Fig. 4-5)
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Figure 4–5 Oxygen partial chemical potential µO2. Schematic illustration of Fe2P
phase formation during carbon coating process at reducing condition with regards
to oxygen partial chemical potential.
Based on the result shown above, Fe2P phase formation on LFP during carbon coating
maybe expressed as follows:
Cx Hy = xC + yH2 ↑ Equation 4-1
4LiFePO4 + 9C = 2Fe2 P + Li4 P2 O7 + 9CO ↑ Equation 4-2
4LiFePO4 + 9𝐻2 = 2Fe2 P + Li4 P2 O7 + 9𝐻2 O ↑ Equation 4-3
The carbon coating process at high temperature involves decomposition of hydrocarbon
sources into elemental carbon and reducing gas, accompanying by the formation of Fe2P
and lithium phosphate at the LFP surface. At moderate temperatures (800 ºC in LFP ingot
in Fig. S4-12 and S4-13), the amount of reducing gas produced amount is limited, no
Fe2P is formed. As temperature increases to 875 ºC, an increased amount of reducing gas
is created and Fe2P formation occurs on the surface of LFP, as shown in Fig. S4-12 and
S4-13. Such a phenomenon is agreement with first principle calculations performed by
Cedar et al.[26] Their results suggest that Fe2P phase formation begins when the oxygen
chemical potential µ𝑜2 = -16.7 eV. µ𝑜2 is determined by temperature and oxygen partial
pressure, simultaneously. Higher temperatures, lower oxygen partial pressures and/or the
presence of reducing agents corresponds to lower values of µ𝑜2 . It can explain the
temperature dependent phenomenon of Fe2P phase during carbon coating. However, we
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find that the formation of Fe2P phase during carbon coating is dependent not only on
temperature, but also on LFP particle sizes.
LFP particles with different size exhibited different catalytic properties on the
decomposition of hydrocarbon was reported in our previous paper. [15] The study
demonstrated that smaller LFP particles with large surface area facilitated carbon
reduction reaction, resulting in an increased reactivity. Thus, with increased surface area
for 60 nm and 560 nm LFP, the amount of reducing gas produced are increased for
smaller LFP particles, leading to a lower µ𝑜2 value compared to larger LFP particles
undergoing the same process. As a result, the formation of Fe2P phase at 850 ºC for 60
nm LFP and 560 nm LFP is easily attainable. However, for 19 µm LFP particle, a
temperature of 900 ºC is required for the formation of Fe2P phase, suggesting a size
related phenomenon. Furthermore, a reducing gas of Ar/H2 is intentionally introduced
during the coating process to create a low oxygen partial pressure µ𝑜2 . As expected, Fe2P
phase formation occurs readily at a lower temperature of 700 ºC for 60 nm LFP and 560
nm LFP, and 800 ºC for 19 µm LFP in Ar/H2. To further support our observation, we
apply the reducing atmosphere for LFP ingot in the carbon coating process. As shown in
Fig. S4-14, the spherical-like iron rich Fe2P phase is formed on LFP surface at 800 ºC,
indicating that Fe2P phase formation has been shifted to lower temperature by altering the
annealing environment to a more reducing condition.

4.4 Conclusion
To conclude, we have shown that formation of surface secondary phase in LFP during
carbon coating is dependent on particle size, annealing temperature, and reducing
atmosphere. The Fe2P phase transformation process is governed by thermodynamic rules
and reaction kinetics. In a mild reducing atmosphere of argon gas, Fe2P phase is formed
at high temperatures for all sizes of LFP but the critical temperature for phase formation
in small LFP is lower. Formation of Fe2P phase is closely related to reducing
environment during the carbon coating process and is easily formed when the oxygen
partial potential µ𝑜2 is decreased. Our preliminary data from half-cell show a positive
effect on electrochemical performance of LFP with presence of Fe2P through fine-tuning
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the phase composition. However, the real impact of cycle life must be evaluated using
long term cycling in a range of temperatures with a full cell format. Nevertheless, method
developed in this work may be extended to other olivine phosphate or insulated electrode
that undergo carbon-coating.
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Supporting information

Figure S4-1. Surface phase on LFP Ingot in Ar and H2. (a-d) SEM and BSE images of
LFP after 900 °C. We can observe flat surface is presented, no spherical phase could be
found in inert Ar gas atmosphere and reducing H2 atmosphere.
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Figure S4-2. (a-g) FE-SEM images and the size distribution profiles of different sizes.
Scale bar is 50 µm in (a,b), 10 µm in the (c,d), 2 µm (e-f), 1 µm(g).

Figure S4-3. In situ carbon coating experiment. SEM observation of nano-size LFP
(150 nm) particles. Scale bar 50 µm.
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Figure S4-4. Morphology changes of different size LFP after high temperature annealing
in Ar. (a) 19 µm, (b) 560 nm, (c)60 nm. Scale bar, 50 µm in (a) and 5 µm in (b, c).

a

b

Figure S4-5. HRTEM of 560 nm LFP after high temperature annealing in Ar at 900 ºC,
with Fe2P phase (a) and LFP phase mixed (b). Scale bar, 500 nm in TEM, 5 nm in
HRTEM
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Figure S4-6. Temperature dependant properties of Fe2P phase formation after carbon
coating in Ar (a) for 19 micron LFP and 560 nm LFP (b) particles. The Fe2P phase
formation temperature is 900 ºC and 850 ºC, respectively.
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Figure S4-7. Temperature dependant properties of Fe2P phase formation after carbon
coating in reducing atmosphere (a) for 19 micron LFP and (b) 560 nm LFP. The Fe2P
phase formation temperature is 800 ºC and 700 ºC, respectively.
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Figure S4-8. Morphology changes of LFP after high temperature annealing at 700 ºC. (a,
b) 60 nm in Ar/H2 gas, (c,d) 60 nm LFP in Ar gas. Scale bar, 200 nm in (a,c) and 3 µm in
(b, d).
It is seen that there are some big crystals formed in LFP after carbon coating in reducing
atmosphere.
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Figure S4-9. SEM and Optical images of Ingot surface. After carbon coating on LFP
surface, it is seen that lithium pyrophosphate is formed at the surface of spherical like
phase from the Raman spectra and mapping.

Figure S4-10. SEM and BSE images of Ingot surface. At 2 min, ingot surface is flat,
no change can be observed. When the time increase to 5 min, some smaller ball shaped
phase is observed at the edge of ingot (left-down of Fig. 2b). At 10 min, the whole ingot
surface is composed of many ball shaped islands, the ball has larger particles and small
particles. If we further increase the time to 20 min, the ball shaped island becomes more
obvious.
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Figure S4-11. Mapping images of Ingot surface. More details is revealed by the
mapping images. In the 2 min sample, we cannot see the existence of P deficient phase.
In 5 min sample, the smaller P deficient phase is observed and confirmed by EDS
mapping. In 10 min sample, the phase is becoming bigger and some smaller P deficient
phase are observed. At longer time, the phase continue growing bigger and some smaller
P deficient phase is observed.
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Figure S4-12. Surface phase on LFP Ingot. (a-d) SEM and BSE images of LFP after
carbon coating at 850 °C-925 °C with step of 25 °C. At 850 °C, we can observe flat
surface which is covered by one layer of carbon. Increase the temperature to 875 °C,
some smaller ball shaped phase is observed. At 900 °C, this phenomenon is more
obvious and the whole ingot surface is composed of many ball shaped islands. If we
further increase the temperature, the surface is melting down, but ball shaped island still
can be observed on higher magnification SEM images.

Figure S4-13. EDS Mapping images of Ingot surface. More details is revealed by the
mapping images. In the 875 °C sample, we can roughly see the existence of P deficient
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phase. In 900 °C sample, the phase is becoming bigger and a lot of smaller P deficient
phase are also observed. At higher temperature, the phase continue growing bigger and
become more deficient.

Figure S4-14. Surface conductive phase formation in Ar/H2 at 800 ºC. (a, b) BSE
images (c-f) and EDS mapping of surface conductive phase formation on LiFePO4 after
carbon coating
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Chapter 5

5

Visualization of the impurity and secondary phases in
LFP ingots with advanced mapping techniques

LiFePO4 has been widely used as a cathode material in lithium ion batteries. However,
some impurity phases existing in LiFePO4 have a significant influence on
electrochemical performance. Therefore, detection of the impurity phases is necessary for
manufacturer in order to improve the quality of LiFePO4. Especially, visualization of the
impurity and secondary phase distributions immersed in the bulk LiFePO4 crystal can
help to understand the origin of the impurity and secondary phases, giving a clear
guidance towards the synthesis of high purity LiFePO4. In the present work, using
advanced EDS, Raman and XRF combined with micro-XAS, we successfully identify the
low melting phase in LiFePO4 ingot and gather chemical and physical information of the
secondary phases formed in LiFePO4 materials during the carbon coating process. The
obtained information will be beneficial for the synthesis of LiFePO4 materials with less
impurities.

5.1 Introduction
As one of the popular cathode material for lithium ion batteries, LiFePO4 (LFP) has
received increasing attention since its first use in 1997. [1] Application of LFP electrodes
in electric transportation has achieved great success in recent years due to its safety and
stable cycle performance. [2-4] However, LFP still suffers from the presence of
impurity/secondary phases, which have a dramatic influence on the consistency of the
LFP materials. Synthesis of high purity LFP materials requires a deep understanding
about the origin of the secondary phases in LFP. [2,5-7] Usually, the impurity and
secondary phases in LFP are detected and analyzed by X-ray diffraction (XRD)
technique. XRD enables the identification of impurity/secondary phases in LFP powders,
but it would be more informative to visualize the distribution of the secondary phases
with advanced techniques such as phase mapping. Better identification on the distribution
of phases in LFP materials can greatly help in understanding the mechanism of secondary
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phase formation. More importantly, the obtained information provides guidance to
manufacturers in removing the secondary phases or reducing them during synthesis.
LFP has an intrinsically low electronic conductivity, therefore, carbon coating is
necessary to increase its conductivity.[8,9] Due to the strong reducing atmosphere at high
temperature during carbon coating processes, there is a possibility of forming secondary
phases in LFP materials. [5,7] The phase separation from the LFP crystals is detrimental
for electrochemical performance and should be prevented. Given that, it is necessary to
identify the secondary phases and where they reside. [5] Thus, it is critical to obtain solid
evidence towards the presence and distribution of the phases in LFP after carbon coating.
LFP ingot, which has a flat surface after polishing, could serve as a desired model sample
for observation of phase changes during carbon coating. [10]The phase distribution will
be visualized using mapping techniques, which can give a better understanding of the
carbon coating process on LFP materials.
In this paper, we will take advantage of mapping techniques including energy dispersive
spectroscopy (EDS) mapping, Raman mapping, Micro X-ray fluorescence (XRF)
mapping and micro X-ray absorption (XAS) spectroscopy to evaluate the distribution
impurity/secondary phases in LFP materials. The results show that with combination of
Raman and EDS, we are capable of identifying the low melting lithium phosphate phase
in LFP ingot. Through the Micro XRF mapping, more detailed information about the LFP
materials after carbon coating are observed. The secondary phases are easily defined due
to the high sensitivity of this technology. XRF mapping combined with micro X-ray
absorption (XAS) spectroscopy at the interface of LFP/graphite crucible gives a clear
picture of Fe and P chemical diffusion into graphite. As a result, it is revealed that most
of the Fe accumulated at LFP/graphite interface is FeCx, and metallic Fe is discovered in
the bulk of graphite.

5.2 Experimental section
Carbon coating on LFP. The LFP Ingot sample was provided by Phostech Lithium Inc.
(Now, Johnson Matthey, Montreal, Canada). [11] The ingot sample was chosen due to
two-fold reason: first, it is commercially available, so the typical behaviors of the ingot
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samples are applicable for ordinary LFP materials. Second, this ingot offer a flat, smooth
and polished surface that is ideal for the observation and investigation of the surface
chemistry changes during carbon coating—for both the bulk olivine phase and secondary
phases. The experimental details of the melt-casting process of LFP ingot materials can
be found in previous works. [12,13]
Herein, we used the LFP ingot as a raw materials and cut them into small sized pieces
first. In order to obtain a flat surface on the ingot, we polished the sample using
sandpapers (London, 3M Canada) from coarse (Grit 120) to fine grades (Grit 1500). A
LFP ingot sample with a clean and flat surface was obtained after ultrasonic cleaning in
ethanol three times for 15 mins.
The carbon-coating experiments on ingot samples were performed using a spraypyrolysis method, which was previously developed for the synthesis of various
nanomaterials. In the experiment, ethanol was used as the carbon precursor and high
purity Ar gas was used as carrier and protecting gas. Briefly, the ingot sample with the
flat surface up was put in a quartz tube in Al2O3 crucibles with tight seal using vacuums
gear and Ar was introduced into the quartz tube for 20 min to eliminate the air. Next, the
furnace was heated at a heating rate of 5 ºC/min, and the carbon-coating process was
performed at temperatures ranging from 600 ºC to 900 ºC for 20 min. After the carbon
coating process at high temperature, the coated sample was cooled to room temperature
naturally within the furnace still under the protection of the Ar atmosphere.
EDS mapping. The LFP or carbon coated LFP were transferred to a Hitachi 4800 SEM
equipped with energy dispersive spectroscopy (EDS) detector. The accelerating voltage
of EDS mapping was 20 kV.
Raman mapping. The Raman spectra were conducted at HORIBA Scientific LabRAM
with a laser (λ=532.3 nm) as the excitation source. Raman spectroscopy maps were
collected in autofocus mode with a spatial resolution of ca. 2 µm.
Micro X-ray fluorescence mapping. The samples were mounted on a carbon tape and
transfer into the chamber. The X-ray fluorescence mapping (XRF were carried out in at
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the VESPERS, Very Sensitive Elemental and Structural Probe Employing Radiation from
a Synchrotron) beamline, University of Saskatoon, Saskatoon, Canada. The characteristic
X-ray flurescence spectrum was recorded using a four-element Vortex silicon drift
detector, which is placed ~50 mm away from the sample. The detector was positioned
45° to the sample and 90° to the incoming X-ray beam within the polarization plane. The
flux of the X-ray beam was monitored continuously by ion chambers filled with nitrogen
gas. Micro-focusing of the incident X-rays was achieved by using KB mirros and the
resulting beam spot size was approximately 5 µm in diameter. The fluorescence spectra
data were collected by rastering the samples in steps of 10 µm in length white capturing
the signals from the Fe K edge.
Microprobe X-ray absorption spectroscopy .LFP/graphite crucible was provided by
UdeM. The samples were mounted on carbon tape mounted in the vacuum chamber.
The X-ray absorption spectroscopy (XAS) measurements were carried out in Soft X-ray
Microcharacterization Beamline (SXRMB) of Canadian Light Source (CLS). The
measurements were carried out in 10-7 torr in two modes of total fluorescence yield
(FLY, bulk sensitive) and total electron yield (TEY, surface sensitive – 5nm). Fe and P
K-edge X-ray absorption near edge structure (XANES) spectra were collected for the
samples. A minimum of 2 scans were collected for each edge of the samples.
The initial data analysis was conducted using Athena program (designed to handle
XANES spectra). The XAS spectra for each edge of the samples were aligned and
merged together, to increase the signal to noise ratio of the data. The data were calibrated
Fe foil references. The data were normalized using the Athena program by removing the
background and normalization of the edge jump to unity.

5.3 Results and discussion
Raman mapping. The LFP (LiFePO4) ingots were prepared and then polished with sand
paper to get a flat surface for observations. LFP ingot contains some low melting lithium
phosphate phases after synthesis, as shown in Figure 5-1a. However, the crystal structure
information of low melting phase is hard to define since the concentration is too small or
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it is in amorphous state. From the phase diagram of Li2O-P2O5, we know that there are
several types of phosphates that exist at room temperature, e.g, LiPO3, Li4P2O7, Li3PO4,
and eutectic phases of LiPO3 and Li4P2O7. Each of these phosphates have special
characteristic finger print peaks in Raman because of their unique and characteristic P-O
bond vibrations (Figure S5-1). Therefore, Raman is a powerful technique to identify the
crystal structure of the low melting phosphate phase in LFP.

Figure 5–1 Schematic of LFP and secondary/impurity phase in (a) melt-casting LFP
ingots and (b) LFP ingot after carbon coating
As shown in the optical image of Figure 5-2, it can be seen that there are two different
regions with different contrast. Raman point spectra are recorded at both regions. The
brighter region (point 1) shows a strong peak at ν1 (953 cm-1), which is related to the
symmetric stretching bond of P-O, which is characteristic peak of LFP material (as the
standard LFP spectroscopy shows). Two extra strong peaks of asymmetric bend bond
(ν2, 731 cm-1) and asymmetric stretch bond (ν3, 1046 cm-1) are observed in the lower
contrast region. Since these two peaks are the characteristic peaks for Li4P2O7 phase (see
the standard spectra in the Figure 5-2), therefore the lower contrast region of low melting
phase can be assigned to the Li4P2O7 phase.
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Figure 5–2 Point Raman spectra of LFP and impurity phase in LFP ingot
Raman mapping is able to identify the phase distribution on solid materials. The mapping
function is realized by recording the spectra of the materials point by point and
calculating the phase distribution by mathematical approximation. The result of the
mapping on the LFP ingot is presented in Figure 5-3, coupled with corresponding EDS
mapping recorded at the same region. It is observed in the SEM-EDS mapping that there
is a strip region where the P is rich and Fe is deficient. In the Raman mapping, however,
it can be clearly seen from Figure 5-3b that the phase in the strip region is Li4P2O7 (ν3
signal of Li4P2O7 is strong). A closer look into the optical image of Figure 5-2b reveals
that the region of darker color is overlapped with the region where ν3 signal shows a
stronger intensity in the mapping result. The rest of brighter region is assigned to LFP
phase with strong ν1 signal, exhibiting a very uniform chemical distribution (Figure 53c). Figure 5-3a is a combination signal of ν1 and ν3 bonds. As the intensity of the signals
are uniform in the observed region, it is suggested that only Li4P2O7 and LFP phases are
detected. Moreover, from the ratio of the Li4P2O7 peak (ν3) against the LFP peak (ν1) in
Figure 5-3d, higher ratios of ν3 peak are presented at some locations. This suggests that
the fraction of Li4P2O7 is higher than that of the LFP phase at those points.
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Figure 5–3 Raman and EDS mapping on LFP ingot: impurity phase (low melting
phase) identification
Micro X-ray Fluorescence mapping. Carbon coating is one of the most effective
methods to improve the conductivity of LFP materials. However, there is the possibility
of phase changes on the surface of LFP after carbon coating due to the strong reducing
atmosphere at high temperature (Figure 5-1b). We had reported a new chemical surface
phase, Fe2P2O7, which was produced after the loss of Li2O from LFP, exhibiting a
different structure on the LFP ingot surface.[11] In our recent study, another iron-rich
conductive phase, Fe2P, was observed on the LFP surface accompanied by a surface
change of the LFP ingot when increasing the carbon coating temperature.[14] Because
the two new phases have different Fe content compared with LFP, it is very interesting to
know the Fe element distribution on LFP surfaces after carbon coating. Herein, we
conducted XRF (X-ray Fluorescence) mappings of Fe K-edge for different LiFePO4 ingot
materials at the VESPERS (Very Sensitive Elemental and Structural Probe Employing
Radiation) beamline of Canadian Light Sources, which was capable of delivering a
micro-focused hard X-ray beam to solid materials and collecting X-Ray fluorescence
(XRF) for elemental distribution. The VESPERS beamline can harness the spectral
energy range of 6-30 keV with the spot size of 2-4 μm × 2-4 μm.
Figure 5- shows the corresponding XRF and EDS mappings of LFP ingot samples with
carbon coating at different temperatures (4a - 800 °C, 4b - 850 °C, 4c - 875 °C, and 4d 900 °C). The XRF mapping with different colors correspond to different normalized Fe
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K-edge XAS intensities, which can clearly demonstrate the evolution of impurities after
annealing at different temperatures. For LFP ingot sample treated at 800 °C, a large
amount of Fe-rich phases can be observed in Figure 5-4a. Comparing the XRF mapping
with SEM image and EDS mapping, some interesting information is revealed. The XRF
mapping is usually conducted at a specific energy, which enables its high sensitivity. As
marked by dash line in Figure 5-4a and 5-4e, the shape of the Fe rich region is similar to
the shape of the island shown in the SEM images.[11] The impurity phase is assigned to
Fe2P2O7 phase as outlined in our previous reports, which means the secondary phase
distribution through the XRF mapping is well-resolved. [11] In contrast, it is hard to
separate the Fe2P2O7 phase in the EDS Fe mapping as the change in Fe amount is small
(Figure 5-3(e)). When increasing the carbon coating temperature to 850 °C, these Fe
enriched phases tend to reduce as shown in the XRF mapping of Figure 5-4b, which is
consistent with SEM /EDS mapping in Figure 5-2 (f), where a flat surface and uniform
elemental distribution are observed. The results also consistent with the XRD results in
Figure S5-2, indicating that XRF mapping is very sensitive to the phase change in LFP
ingot.
As identified in SEM and EDS mapping results (Figure 5-4 g and 5-4 f), some ballshaped islands tend to emerge upon increasing the temperature of carbon coating to 875
°C and the corresponding structures are attributed to Fe-rich phases.[14] In the case of
LFP sample coated at 900 °C (Figure 5-4d), the Fe-rich phases (regions) grow larger
compared with that of LFP sample coated at 875 °C (Figure 5-4c). The results from XRF
mappings further confirm the formation of the Fe-rich phase, which may be related to the
appearance of the Fe2P phase based on our recent study which is in agreement with the
XRD result in Figure S5-3.[14] More interestingly, it is seen that the shape of the Fe rich
region in Figure 5-4b is similar with shape of Fe rich region in Figure 5-4h. Therefore,
XRF mapping is a very strong evidence to support the formation of Fe rich phase with
ball shape on LFP surface after carbon coating at high temperature.

177

Figure 5–4 Micro XRF and EDS mapping on LFP ingot after carbon coating: phase
identification
Microprobe X-ray absorption spectroscopy mapping. Graphite crucibles are mostly
used as the carbon source and provide a protective atmosphere during the melt-casting
synthesis of LFP ingot.[13] Considering mass-production processes, the graphite crucible
will be repeatedly used for melting the raw sources of LFP at high temperature.
Therefore, it is necessary to consider the side-reactions at the interface of LFP
ingot/graphite crucibles.
Figure 5-5 present the interface of LFP ingot/graphite crucible. A thicker layer of Fe rich
phase can be observed on the top surface of graphite crucible in Figure 5-5a from the
EDS spectra and SEM image. However, there are still ambiguities about the exact crystal
structure of the Fe-rich phases. To characterize this layer, we conducted X-ray absorption
spectroscopy (XAS) measurements in conjunction with XRF mapping obtained at two
energies: (i) above the Fe K-edge and (ii) above the P-K edge at the Soft X-ray
Microcharacterization Beamline (SXRMB) of Canadian Light Source (CLS) using the
microprobe end-station. The SXRMB beamline can harness the spectral energy range of
1.7-10 keV with the spot size of ~10 μm x 10 μm.
Figure 5 (b, d) show the XRF mappings of LFP/graphite crucible at Fe K-edge and P Kedge. The XRF mapping with different colors correspond to different normalized
fluorescence intensities of Fe K-edge/P K-edge at the respective incident beam energies,
which clearly demonstrate elemental concentration distribution at the LFP/graphite
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crucible interface. Based on the Fe K-edge mapping, it is seen that Fe content is gradually
decreased along the cross-section direction of the crucible. Most of the Fe element is
accumulated at the surface. To identify the exact composition, micro-XAS spectra at four
different Fe concentration regions were collected (Figure 5-5c). It was found that the Fe
K-edge of all four spots are different from the LFP phase, while the metallic (or carbide)
features are presented in those Fe-rich phases. As shown in the inset, we can see that
there are two shoulder peaks in the range of 7110-7125 eV at all four points as well as
intensity fluctuations according to the location of the spot. The increase of the 1st
shoulder peak is ascribed to the increased amount of carbon in FeCx and finally to the
Fe3C phase. The increased intensity of 2nd shoulder peak indicates a shift of metallic Fe to
FeCx. Therefore, it can be concluded that the spots 3 and 4 are FeCx and spots 1 and 2
are metallic Fe. Accordingly, the carbides are formed at the surface while the metallic
iron exists in the bulk area of the graphite crucible.
In the case of P K-edge (Figure 5-5e), similar to Fe K-edge, the two spots show totally
different features compared to that of LFP. The spot 6 shows both high Fe and P
intensity, which may be assigned to the formation of a Fe2P/Fe3P phase at the
graphite/LFP interface. As for spot 5, the exact chemical information is still unclear due
to the shortage of the standard P-K XAS for P containing impurities in LFP materials.
Compared to Fe, the P change along the cross-section is weaker, which could be due to
the slow diffusion rate of P into the graphite crucible.
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Figure 5–5 Micro-XAS and XRF mapping on LFP ingot/Graphite crucible

5.4 Conclusion
We demonstrated the visualization of the impurity/secondary phases in LFP using EDS,
Raman, Micro XRF and Microprobe XAS mapping techniques. Application of these
advanced mapping techniques greatly extends the analytical capability of the composition
in LFP materials in terms of structure and chemical information. Due to high sensitivity
of the synchrotron based techniques, it would be possible to find the subtle change of the
chemical composition in LFP, which is very effective in identifying the secondary
phases. Therefore, it is expected that these advanced mapping technique can provide
useful information for manufacturing LFP materials.
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Supporting information

Figure S5-1 Point Raman spectra of phosphate
Typical spectra of phosphate with LFP and the characteristic area A (650-750 cm-1), B
(925-975 cm-1) and C (1025-1075 cm-1). A stands for the asymmetric bend bond ν2
(PO4) and symmetric bend bond ν4(PO4), ν2(PO4) is very strong for LiPO3 while Li4P2O7
shows strong asymmetric bend bond ν4(PO4). B stands for the symmetric stretch bond ν1(PO4), which is prominent in LFP and C-Li3PO4. C stands for the asymmetric stretch
bond –ν3(PO4), which is vibration bond of sample contain Li4P2O7. For the eutectic
samples, they show both the LiPO3 and Li4P2O7 signal

Figure S5-2. XRD patterns of LiFePO4 ingot samples with carbon coating at different
temperatures (800, 850, 875 °C). The 800-LFP show large amount of Fe2P2O7, the phase
is reduced at 850-LFP and no such a phase existed in 900-LFP.
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Figure S5-3. XRD patterns of LiFePO4 ingot samples with carbon coating at 900 °C.
The 900-LFP show presence of Fe2P phase in the sample.
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Chapter 6

6

Highly stable interface of the solid state
electrolyte/electrode for next generation all solid state
batteries

Solid-state batteries have been considered as one of the most promising next-generation
energy storage systems due to high safety and energy density. Solid-state electrolytes are
the key component of the solid state battery, which exhibit high ionic conductivity, good
chemical stability, and a wide electrochemical window. LATP (Li1.3Al0.3Ti1.7 (PO4)3) solid
electrolyte has been widely investigated for its high ionic conductivity. Nevertheless, the
chemical instability of LATP against Li metal has hindered its application in solid-state
batteries. Herein, we applied atomic layer deposition coating on LATP surfaces to stabilize
the LATP/Li interface by reducing the side-reactions. In comparison with bare LATP, the
Al2O3 coated LATP by atomic layer deposition exhibits a stable cycling behavior with
smaller voltage hysteresis for 600 hours, as well as small resistance. More importantly,
based on our advanced characterization by HRTEM-EELS, the lithium penetration into
LATP bulk and Ti4+ reduction is significantly limited. The results suggest that atomic layer
deposition is very effective in improving interface stability of solid state electrolyte/
electrode.

6.1 Introduction
Lithium ion batteries (LIBs) have been widely applied in portable electronics and electric
vehicles (EVs). However, there are still some concerns over the safety issues of
commercial LIBs because of the use of liquid electrolytes (LEs).[1-3] Furthermore, the
energy density of liquid electrolyte LIBs using current cathode and anode technology will
reach its maximum limitation in the near future. Therefore, there is a great need to find
alternative energy storage systems with higher energy density such as Li metal
batteries.[4-6] Unfortunately, Li metal is unstable in LEs due to severe side reactions
such as electrolyte decomposition, which leads to gassing problems and loss of
electrolyte after many cycles. Moreover, dangerous Li dendrites are easily formed in
batteries containing LEs, which could lead to short circuits and thermal runaway. [7-9]
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To solve these obstacles, solid state electrolytes (SSEs) are introduced into lithium
batteries. They possess the merits of non-flammability, good stability and low
degradation rate, enabling the fabrication of high-safety and high-energy-density solid
state lithium batteries. [2,6,10-12]
The SSE plays a critical role in achieving high energy density solid state lithium
batteries. Several types of SSEs have been developed over the past decades, including
LISICON oxides,[13] NASICON oxides,[14] perovskite-type oxides,[15] garnet-type
oxides,[16] and sulfide glass/glass ceramic/crystalline electrolytes.[17] As a result of
continuous efforts, some of the SSEs have achieved very high ionic conductivity at room
temperature (close to 1mS cm-1), which is comparable to liquid electrolytes.[18] Among
these potential SSEs, NASICON-type electrolyte LATP (Li1.3Al0.3Ti1.7 (PO4)3) has
received much attention after its initial development in the 1990s by Anno et al., and is
capable of showing an ionic conductivity of 0.1 mS cm-1 at room temperature due to the
doping of Al in the lattice.[19] The LATP membrane has already been exhibited with
excellent performance in Li-O2 and Li sulfur hybrid electrolyte based batteries.[4,20-23]
Moreover, all solid state lithium ion batteries were fabricated with LATP electrolyte and
thin film cathode LiCoO2, which show good electrochemical performance at room
temperature.[24,25] Employing a spark plasma sintering technique, Aboulaich et al.
fabricated an all inorganic solid state battery based on Li1.5Al0.5Ge1.5 (PO4)3 (LAGP)
electrolyte, which could approach the cycle performance of liquid electrolyte based
batteries.[26] Unfortunately, the use of Li metal as an anode is still hindered because of
the side reaction between LATP with Li. The Ti4+ in LATP is easily reduced by Li metal
into Ti3+, forming some interphases at the LATP/Li interface. [27] In a recent study done
by Janek et al., a mixed (ionic/electronic) conducting interphase (MCI) was observed at
the LAT(Ge)P/Li interface, which functioned similar to the solid electrolyte interphase
(SEI) layer formed in batteries with liquid electrolytes.[28]
To improve the stability of LATP against Li metal, intermediate layers such as polymer
electrolytes can be utilized at the LATP/Li interface.[29,30] The side-reactions can be
partially mitigated by the chemical stability of the polymer interlayer, however, this
introduces additional interfaces (LATP/polymer, Li/polymer) which may have a negative
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effect on cell performance.[31] For example, it was reported that the polymer electrolytes
(PEO based) were easily reduced by Li metal, and there was a risk of lithium dendrite
formation at Li/polymer interface.[32-34] LiPON thin film electrolyte, synthesized by
sputtering, has been proved to be stable against Li metal in thin film solid state
batteries.[35] Therefore, it was proposed that a thin film of LiPON can act as a barrier on
the LATP surface to improve stability. The results showed that this interlayer was
effective in reducing the side-reaction between LATP and Li.[36,37] Recently, there has
been an emerging interest in the protection of Li metal with surface coatings in liquid
electrolyte LIBs.[38,39] Coating of an ultrathin protection layer on Li metal could greatly
improve the performance of Li stripping/plating in liquid electrolyte-based batteries.[39]
Atomic layer deposition (ALD) is a unique deposition method that can realize excellent
coverage and conformal depositions with precise control over film thickness at the atomic
level due to its self-limiting nature.[40] Recently, our group has demonstrate that ALD
coatings on the surface of Li metal could prevent the direct contact of liquid electrolyte
with electrode, thus enhancing stability and performance.[41] Recently, Hu et al. shows
that introducing an ultrathin Al2O3 via ALD on garnet electrolyte (Li7La3Zr2O12) can
dramatically increase the wetting and stability against Li metal after forming a Li-Al-O
intermediate layer.[42] It is therefore assumed that ALD coating on LATP can be an
effective method in stabilizing the LATP/Li interface. The ALD coating can not only
avoid the direct contact of LATP with Li metal, but also form an intermediate layer at the
interface that is beneficial to Li-ion transport. In order to understand the influence of
interlayer ionic conductivity on the stability of LATP/Li interface, both Li-ion conducting
Li3PO4 and non-conducting Al2O3 interlayers are studied in our design.
In this paper, we demonstrate the successful application of the ALD Al2O3 coating on
LATP electrolyte to realize a highly stable LATP/Li metal interface. In addition, we have
proved that Al2O3 coated LATP shows better stability than the bare and Li3PO4 coated
LATP in the long cycle tests. Through detailed characterizations at the interface, we
ascribe the effective protection of the LATP electrolyte to the dense and conformal ALD
Al2O3 coating which acts as a physical barrier and enables the formation of a Li-Al-O
conducting layer after cycling.
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6.2 Experimental section
Synthesis of LATP. The base materials for Li1.3Al0.3Ti1.7 (PO4)3 (LATP) synthesis were
Li2CO3 (Sigma-Aldrich), (C4H9O)4Ti (Sigma-Aldrich), Al(OH)3(Sigma-Aldrich),
NH4H2PO4(Sigma-Aldrich), and it was synthesized through a wet-chemical method. The
raw sources were weighted according to the stoichiometry of Li1.3Al0.3Ti1.7 (PO4)3, with
10 wt.% Li2CO3 excess. The Ti source was first dissolved into water by the addition of
HNO3 solution, which was labeled as solution A. Then, the Li, Al, and P sources were
dissolved into distilled water, which was labeled as solution B. After this, we added
solution A into B dropwise under strong stirring. After about 1h, PVA as the entrapping
agent to absorb the cations in the solutions on the polymer chains were dissolved in the
solution. After the evaporation of the water, the solution ended up with a white gel. After
heating the gel at 500 °C for 2h, the residual organic compounds were combusted and the
precursors were obtained after the decomposition of base materials. The precursors were
calcined in a muffle furnace at 700 °C for 2 hours, and crystalline LATP powders were
obtained. The powder was then pelletized into 12.7 mm and 1.5 mm pellets before
sintered them in the furnace at 1000 °C for 2 h. The sintered LATP pellets were polished
with sand paper (from 180 down to 2000 mesh) and washed with ethanol before use.
ALD coating on LATP. The Al2O3 ALD coating were conducted on Gemstar-8 ALD
system (Arradiance, USA) which was connected to an argon filled glove box. Al2O3 was
directly deposited on the LATP pellet at 85 °C by using trimethylaluminum and water as
precursors. A fresh Li foil was also coated with ALD, and 75 cycles Al2O3 were coated
and named Li@75 Al2O3. The Li3PO4 ALD coating was deposited on the LATP pellet in
a Savannah 100 ALD system (Ultratech/Cambridge Nanotech., USA). The Li3PO4 was
deposited by using LiOtBu [(CH3)3COLi] and TMPO [(MeO)3PO] as the precursors,
source temperature for LiOtBu and TMPO were 180 °C and 75 °C, respectively. The
deposition temperature of Li3PO4 was carried out at 250 °C. The sample with different
cycle numbers of 25, 50, 100, 150, 200, 250 ALD Al2O3 coating on LATP were named as
LATP@25 Al2O3, LATP@50Al2O3, LATP@100Al2O3, LATP@150Al2O3,
LATP@200Al2O3, LATP@250Al2O3, respectively. 175 cycle of Li3PO4 deposited on the
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LATP was named as LATP@175 Li3PO4, the coating layer had close thickness with
LATP@150Al2O3.
Electrochemical tests: To measure the ionic conductivity of the LATP solid state
electrolyte, Au coated was sputtered on the both sides of the ceramic disc and acted as a
blocking electrode. The electrochemical cycle of LATP pellets was evaluated in CR2032
coin-type cells. Typically, the coin cells were assembled in an ultra-pure argon filled
glove box by symmetrical Li/LATP/Li configuration by pressing them with hydraulic
press (MTI). The Li stripping/plating studies were carried out in an Arbin BT-2000
Battery Test system at room temperature. Constant current densities were applied to the
cells during repeating stripping/platting while the potential was recorded over time.
Electrochemical impedance spectroscopy (EIS) was performed on the versatile
multichannel potentiostate 3/Z (VMP3).
Characterization: The morphology and structure of the LATP cross-sections were
characterized by using Hitachi 4800 Field emission Scanning Electron Microscopy at an
acceleration voltage of 5 kV. The High-energy x-ray photoelectron spectroscopy (HEXPS) at Ti 2p was conducted at Soft X-ray Micro- characterization Beamline (SXRMB),
Canadian Light Sources, located at the University of Saskatoon, Saskatoon, Canada. The
detection depth of HE-XPS was able to adjust by tuning the photon energy from 3 to 6
keV. The interface of LATP samples were cut by focused ion beam (FIB, Zeiss Auriga
39-87 Gemini) into slices, and the slice was mounted to a Cu grid for further TEM
observation. The slices were subjected to high resolution transmission electron
microscope(HRTEM, Titan G2 60-300 ) equipped with EDAX detectors of ChemiStem
Technology at an acceleration voltage of 300 kV to identify the morphology and
chemical information. The EELS line and mapping are obtained on the JEM-ARM200F
with acceleration voltage of 200 kV.

6.3

Result and discussion

NASICON type electrolytes (LATP) were prepared by a wet chemical method, and the
as-sintered pellets reached an ionic conductivity of 0.15 mS cm-1 at room temperature
with an activation energy of 0.3 eV (Figure S6-1), which was ready for application in all
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solid state batteries. The stability of the solid state electrolyte against Li metal was then
evaluated by Li/LATP/Li symmetrical cells, which were cycled at 0.01 mA cm-2 with
limited capacity of 0.01 mA h cm-2 (each cycle takes 2 h). The Galvano-static cycle
performance of the symmetrical cells are presented in the Figure 6-1. It is seen that the
pristine LATP cell shows a relative low over potential of 0.1 V at the first cycle, which
indicate that the LATP and Li interface has good contact. However, the over potential is
progressively increased during the following cycles (Figure 6-1a). The over potential of
the cell increase from 0.1 V to 3.5 V after 300 cycles (600 h), as shown in Figure 6-1b.
On the other hand, a Al2O3 layer by ALD has been proved to be very robust and stable
interlayer in protecting Li metal in liquid electrolyte by limiting the side-reactions.[39]
Based on the previous research, the interlayer inserted at the electrode/electrolyte
interface is about 10-20 nm thick [43,44]. To improve the stability of LATP electrolyte
against Li metal, 150 cycles Al2O3 (about 15 nm) was coated on the surface of LATP
solid electrolyte by ALD. As shown in Figure 6-1c, the Al2O3 coated LATP electrolyte
(LATP@150 Al2O3), shows a different cycling behavior compared to that of bare LATP.
It exhibits a large over potential of 10 V in the first cycle, however the potential quickly
decreases to 0.9 V after 100 cycles. More importantly, the over potential is stabilized at
this level with negligible change even after 300 cycles (600 h) (Figure 6-1d). The higher
voltage of LATP@150 Al2O3 in the first cycle is attributed to the insulating nature of
Al2O3 layer, which has been reported on other Al2O3 coated materials.[45] After the
initial Al2O3 layer lithiation process, the potential gradually decreases and the ionconducting layer remains stable during the following cycles, as seen in Figure 6-1c. In
addition to the non-conductive Al2O3 layer, another lithium conducting Li3PO4 interlayer
coating was deposited on LATP electrolyte to understand the lithium transporting
properties and its influence on the interface. An ALD coating of 175 cycles of Li3PO4
(about 15 nm) was deposited on LATP and yielded a similar thickness as the 150 cycles
Al2O3 layer. The over potential of LATP@175Li3PO4 electrolyte against Li metal goes up
to 0.3 V in the first cycle, in comparison to bare LATP electrolyte. The small increase of
potential in LATP@175Li3PO4 is ascribed to the relatively low ionic conductivity of
Li3PO4 electrolyte compared to that of LATP.[46] The potential remains stable at this
level for the following 25 cycles with small changes. Nevertheless, the over potential of
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the LATP@175Li3PO4/Li starts to grow and rise to 0.8 V, 2.4 V and 4 V at 100th, 200th
and 300th cycle, respectively, which may be due to the degradation of LATP during
repeating lithium stripping/platting (Figure 6-1e, 6-1f).

Figure 6–1 Electrochemical behavior of the LATP/Li symmetrical cell with and
without interlayer coatings at a current density of 0.01 mA cm-2. Each cycle take 2h
for lithium stripping and plating; (a-b) Cycling behavior and voltage profile of bare
LATP/Li at the 1st, 100th, 200th and 300th cycle; (c-d) Cycling behavior and voltage
profile of LATP@150Al2O3/Li at first, 100th, 200th and 300th cycle ;(e-f) Cycling
behavior and voltage profile of LATP@175Li3PO4/Li at 1st, 100th, 200th and 300th
cycle.
To further support the observation, we conduct the electrochemical impedance
spectroscopy (EIS) on the symmetrical cells before cycling and after 300 cycles. As
shown in Figure S6-2a, the impedance of bare LATP increase from 6 K ohm to 400 K
ohm after 300 cycles, which is consistent with the increase of voltage hysteresis. It is

190

suggested that a high-resistance interphase was formed at the interface of LATP/Li, and
the resistant layer thickness is increased during cycling. Although the impedance of
LATP@150Al2O3 cell is very big (8000 K ohm) because of the insulating Al2O3 coating
on LATP, the impedance decreases drastically to only 150 K ohm after 300 cycles, which
suggest the formation of an ion-conducting layer between LATP@150 Al2O3 and Li
metal (Figure S6-2b.). LATP@175 Li3PO4 presents a small increment of impedance
compared to bare LATP before cycle, 6 K ohm to 10 k ohm. The ALD coated Li3PO4 is
an ionic conducting layer, but the conductivity of Li3PO4 coating is much lower than the
bulk LATP.[46] Similar to the cycling results, the impedance of the LATP@175 Li3PO4
increased to 350 K ohm after 300 cycles, as shown in Figure S6-2c. With comparison of
the impedance of the three cells after cycling, it can be concluded that the smaller
impedance presented in LATP@Al2O3 cell is in good agreement with the long term
cycling tests.
Different cycles of ALD Al2O3 (25, 50, 100, 150, 200, 250 cycles) were coated on LATP
in order to achieve a layer of controllable thickness and observe the effect on the lithium
plating/stripping performance of LATP electrolyte. As shown in Figure S6-3 a, b, both
LATP@250Al2O3 and LATP@200Al2O3 are able to stabilize the LATP/Li interface.
They show similar behavior as the LATP@150Al2O3 during cycling, however, the
voltage hysteresis of LATP@250Al2O3 and LATP@200Al2O3 is significantly higher (5
V and 2 V, respectively) than that of LATP@150Al2O3 (0.9 V) (Figure S6-4 a, b). If we
reduce the ALD Al2O3 thickness to 100 cycles, the voltage drops to a 1 V in the
beginning but slightly increases after 200 cycles, as shown in Figure S6-3d. In details,
we can see the voltage hysteresis of the LATP@100Al2O3 at the 1st, 100th, 200th and
300th are 8V, 0.8 V, 1.2 V and 1.5 V, respectively (Figure S6-4d.). This suggests that the
100 cycles Al2O3 on LATP is not thick enough to achieve a stable lithium striping/plating
process. When thinner Al2O3 layer coatings are applied on LATP, the voltage at the first
cycles of LATP@50Al2O3 and LATP@25Al2O3 are reduced to as low as 6 V and 2 V,
respectively (Figure S6-4e, f). Additionally, they only show a voltage of 0.8 V and 1 V
after 100 cycles, respectively, after lithium penetration into the Al2O3 interlayer.
Unfortunately, the voltage hysteresis of LATP@25Al2O3 and LATP@50Al2O3 increases
to 2.25 V and 2 V after 300 cycles, respectively, indicating the instability of the LAPT/Li
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interface. Therefore, it is concluded that the LATP@150Al2O3 is the best condition
among the six thicknesses studied for stabilizing the LATP/Li interface in terms of cycle
time and voltage hysteresis. As shown in Figure S6-5a, the impedance spectra of
LATP@50Al2O3, LATP@100Al2O3, LATP@150Al2O3, and LATP@200Al2O3 are
recorded before and after 300 cycle. Before cycling, all the Al2O3 coated LATP show
large impedance because of the insulating nature of Al2O3 film. The value of the
impedance increase from 1500 K ohm to 10000 K ohm, as the thickness of Al2O3 film
increase from 50 to 200 ALD cycles (Table S6-2). After 300 cycles the impedance drops
quickly among all four cells, which is consistent with the change in voltage hysteresis
(Figure S6-5b). The drop in impedance may indicated that an ion-conductive interphase
was formed at the interface of Al2O3 coated LATP/Li. More importantly, we can see that
the LATP@150Al2O3 shows the lowest impedance out of all the coated LATP cells
(Table S6-2), which further supports that 150 Al2O3 cycles is the optimal condition for
ALD-coated LATP.
In order to understand the ALD coating-layer position effect at the LATP/Li interface, the
75 C Al2O3 on Li and 75 C Al2O3 on LATP as a bi-layer protection coating was designed.
The result is shown in Figure S6-6a, where it is seen that the cell shows stable
performance in the long term cycling, however, the voltage hysteresis is much higher (5.5
V) than the LATP@150Al2O3 (0.9 V). This result suggests that the side-reaction at the
LATP/Li interface is limited by the bi-layer coating but the lithium transport paths are
partially blocked at interface. In addition to the bi-layer coating, a previous study
suggested that Al2O3 ALD coating on Li metal also exhibited stable performance in
liquid electrolyte.[39] Therefore, only 75 cycles the Al2O3 ALD coating on Li metal was
investigated, as presented in Figure S6-6b. The single coating on Li metal performs
worse than the bi-layer and single coatings on LATP with an increased over potential
during cycling, indicating the formation of an unstable LATP/Li interface. Therefore, it
has been proven that the Al2O3 coating on LATP surface is more effective than coating
on the Li metal surface, and shows better performance than coating on both the LATP
and Li metal surfaces.
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To explore the effect of the ALD coating layer on the LATP after the lithium
striping/plating process, the cross-section of a LATP pellet after 100 cycles were
examined by scanning electron microscope (SEM). If we observe the secondary electrons
images of bare LATP, LATP@175Li3PO4 and LATP@150Al2O3 (Figure S6-7), it is
difficult to distinguish any significant differences in morphology. Therefore,
backscattering electron images (BSE) were utilized due to the increased sensitivity to the
chemical composition. Therefore, backscattering electron images (BSE) were utilized due
to the increased sensitivity to the chemical composition. As shown in Figure 6-2a, we
can see that the surface of the LATP pellet shows regions of darker color compared to the
white bulk LATP, which is an indication of lithium penetration into the LATP
electrolytes.[28] The reduction depth of bare LATP, LATP@175Li3PO4 and
LATP@150Al2O3 are all in the range of micro level as shown in the BSE images,
however more detailed structure/chemical information of cycled LATP should be
obtained by other characterization techniques. In order to obtain evidence of the
reduction of Ti element in the LATP electrolyte, we conduct a chemical composition test
on the LATP samples before and after cycling with high energy X-ray photoelectron
spectroscopy (HE-XPS) in Canadian Light Sources at the SXRMB beamline. The HEXPS is able to provide chemical information in depth not limited to the surface but
extended beyond 10 nm in bulk samples, in comparison to laboratory XPS. The depth
profile of a certain element can be achieved by tuning the excitation photon energy and
thus alternating the kinetic energy of the photon energy from the core level of interest;
this in turn changes the probing depth as described by the universal curve where the
escape depth depends linearly on the square root of the kinetic energy of the photon
electron beyond the minimum.[47,48] For example, we choose three excitation energies
of 3000 eV, 4500 eV and 6000 eV, which are able to detect depth of 3-5 nm, 5-7 nm and
7-10 nm, respectively.[49,50] Therefore, HE-XPS is a powerful tool for non-destructive
depth-resolved analysis on the chemical composition of solid materials. The Ti element
valence states in bare LATP before and after cycling are evaluated at the three different
excitation photon energy (3K eV, 4.5K eV and 6K eV), and the results are illustrated in
Figure 6-2 b and c. The Ti spectrum can be described by two separate peaks, each
representing an oxidation state (as marked in Figure 2b). The LATP sample prior to
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cycling show mainly Ti4+ (459.3 eV) at all probing depths with a minor fraction of Ti3+
(~458.1 eV) peak appearing at photon energy of 3 and 4.5 K eV (Figure 6-2b). This is
because of the slight reduction of LATP in the preparation and storage process, which is
also observed by a previous study.[28] After lithium stripping /platting, most of the Ti4+
in the near surface region of bare LATP is reduced to Ti3+ as shown in Figure 6-2c.
Furthermore, the reduction to the Ti3+ state is observed at all probed depths with the
fraction at the photon energy of 6K is as high as 14% after cycling (Table S6-3). For the
LATP@175Li3PO4 pellet after cycling, the Ti3+ primarily appears only at the photon
energy of 3K (Figure S6-8 and Table S6-3). The Ti3+ fraction in the deeper depth is very
small, which suggests that the Ti reduction is prevented after applying a Li3PO4 coating
on LATP. The fraction of Ti3+ in the LATP@150Al2O3 after cycle will be investigated by
the EELS line scan in the following section in detail to understand the protection
behavior of Al2O3 layer.

(a)
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Figure 6–2 Backscattering image of LATP pellets after 100 cycles; (b, c) HE-XPS of
Ti 2p spectrum for pristine LATP and LATP after 100 cycles at different incident
energy.
The three solid electrolyte pellets after cycling were cut with a focused ion beam (FIB),
and the LATP/Li interfaces were characterized with high resolution transmission electron
spectroscope (HR-TEM) in order to get clear structural and chemical information about
the LATP surface and LATP/Li interface. As illustrated in Figure 6-3, we present the
morphology and element distribution information of bare LATP, LATP@175Li3PO4 and
LATP@150Al2O3 against Li metal at the interface. As seen from the EDS mapping of
bare LATP after 100 cycles in Figure 6-3a, the surface of LATP is very rough and
porous, and some dendrite structures are observed. This indicates that the Li has
penetrated into the bulk of LATP electrolyte and some Li dendrites are formed near the
surface. Furthermore, the Li is diffusing into the LATP electrolyte for several hundred
nanometers and accumulates between the grains as seen by the bright and dark field (BF
and DF) images (Figure 6-3b). On the contrary, no rough surface has been observed for
LATP@175Li3PO4 after cycling (Figure 6-3c), which suggests the Li3PO4 coating is
effective in prevent Li penetration and dendrite formation. It is noteworthy that the
Li3PO4 layer is hard to distinguish by the EDS because the bulk solid electrolyte also
contains phosphate. Although the LATP@175Li3PO4 shows a flat surface after cycling,
the BF and DF images in Figure 6-3d show some cracks formed in bulk LATP, which
may be the reason for LATP degradation in the longer cycles. According to previous
study, the cracks is the migration of Li-ion into the grain boundary during lithium striping
and plating.[51] In Figure 6-3e, an obvious layer of Al2O3 is observed at the interface of
LATP@150Al2O3/Li even after long cycles, which suggest the coating is very robust and
adheres well to the surface. Similar to the Li3PO4 coated sample, no rough surface and
pores could be detected at the LATP@150Al2O3 interface, suggesting good protection of
Al2O3. Moreover, we do not see lithium diffusion into the LATP electrolyte and there is
no cracks formed in the bulk LATP in the DF and BF images (Figure 6-3f). This exhibits
that the LATP@150Al2O3/Li interface is free of Li dendrite and cracks, providing
evidence and reasoning for the stable cycle performance of LATP@150Al2O3 compared
to the bare LATP/Li and LATP@175Li3PO4/Li.
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Figure 6–3 TEM-EDS mapping and BF (DF) images of the LATP pellet after 100
cycles. (a-b) bare LATP (c-d) LATP@175 Li3PO4, (e-f) LATP@150Al2O3
As we know, the Ti reduction phenomenon is also very critical for the LATP electrolyte
in coupling with Li metal. The previous XPS result has given some information about the
Ti reduction situation at a macroscopic level. With the help of electron energy loss
spectroscopy (EELS) detector in HR-TEM, we are able to obtain the chemical
information of elements at the nano-scale level. The EELS mapping of the bare LATP
after cycles and Ti valence state depth profiles are presented in Figure 6-4a and 6-4b. It
is seen from Li and Ti line profile that there is a distinct line between LATP and Li,
where the Ti and Li element intensities have a clear sharp change. It is the same situation
in the EELS mapping, in which Ti and Li is enriched in different regions. However, upon
closer inspection some Li element is found to penetrate into the LATP and reside at the
grain boundaries, as circled in the EELS mapping in Figure 6-4a. If focusing on the Ti
element, an EELS line scan of Ti L3,2 edge from LATP/Li interface to LATP bulk is
recorded in Figure 6-4b. The Ti3+ L2 main peak (~464.8 eV) is dominant from the
interface to a depth of 24 nm in the energy loss spectrum. Beyond that, two extra
shoulder peaks appears and the L2 main peak position shifts to a relative higher energy of
~465.8 eV, which is an indication of Ti4+ signal. The Ti4+ signal becomes stronger while
the Ti3+ decreases along the penetration depth line, that is, Ti4+ becomes dominant from
28 nm at the interface to bulk LATP.[52,53] Unlike the bare LATP, the EELS mapping
on LATP@150Al2O3 after cycles shows the formation of stable interface on the LATP
pellet (Figure 6-4c). Similar to EDS mapping, a layer of Al2O3 is clearly found, and no
Li penetration is detected at the interface region. Interestingly, from the mixed mapping
of Li-Al-O, it is believed that a lithium containing layer is formed on the LATP surface
after the lithium stripping and plating process, which is the origin of the voltage drop and
impedance decrease. In the Ti line scan result as illustrated in Figure 6-4d, the Ti3+
dominant depth is decreased to 16 nm from 24 nm in bare LATP, suggesting that there is
prevention of Ti reduction in LATP electrolyte. It is also noteworthy to mention that the
Ti line scan is drawn along the region where Li is rich (refer to the EELS mapping, where
Ti line scan is crossing in the green region of rich Li). If we considered the average
distribution, the reduction depth of Ti will be further reduced. The Ti EELS results also
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agree well with the macroscopic XPS results, providing evidence that the Al2O3 coating
is effective in stabilizing the LATP/Li interface. The detailed mechanism of the
stabilization of the LATP/Li interface by ALD is presented in Figure 6-5, and illustrates
the Al2O3 coating function as both a physical barrier and a shield to protect Ti from
further reduction in LATP electrolyte. In the bare LATP, Li dendrites are formed and Ti
reduction progressively penetrates into bulk region.
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Figure 6–4 HRTEM-EELS of the LATP pellet after 100 cycles. (a-b) Element EELS
mapping and Ti valence states in LATP interface; (c-d) Element EELS mapping
and Ti valence states in LATP@150Al2O3 interface

Figure 6–5 Schematic diagram of LATP/Li interface with and without ALD Al2O3
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6.4

Conclusion

In this work, we have successfully synthesized a LATP electrolyte with ionic
conductivity of 0.15 mS cm-1 at room temperature. Through modification of the LATP
surface by ALD Al2O3 coating, we obtain a highly stable LATP/Li interface with cycle
time of 600 hrs. The LATP@150Al2O3 shows much better performance than the bare
LATP and LATP@175 Li3PO4, with a voltage hysteresis of only 0.9 V after 300 cycles
(LATP, 3.5 V and LATP@175 Li3PO4, 3.8 V). Based on the lithium stripping/platting
test, the thickness of the protection layer has been optimized with 150 cycles of Al2O3 on
LATP yielding the most stable performance and lowest voltage hysteresis. Also, it is
proved that coating on the LATP surface is more effective than coating directly on Li
metal. With the advanced characterization, we find that the both Li penetration and Ti
reduction are prevented by the dense Al2O3 coating, which enable the realization of a
stable interface at LATP/Li. In addition, the Al2O3 coating is transformed to a Li-Al-O
conducting layer, which act as the lithium transport pathway at the LATP/Li interface and
largely reduces the interface resistance.
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Supporting information

Figure S6-1. LATP solid state electrolyte. (a) XRD pattern, (b) RT Nyquist plot of LATP
after sintering, (c) Arrhenius plot of LATP electrolyte

Figure S6-2. Impedance of LATP/Li symmetrical cells before and after 300 cycle. (a)
Bare LATP, (b) LATP@ 150 Al2O3, (c) LATP@175 Li3PO4
Table S6-1. Summary of the impedance data of LATP/Li symmetrical cells

Impedance

LATP

LATP@150

LATP@175 Li3PO4

Al2O3
(ohm)

First cycle

6K

8M

10K

300th cycle

400 K

150 K

350K
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Figure S6-3. Electrochemical behavior of the 250 (a), 200 (b), 150 (c), 100 (d), 50(e), 25
(f) Al2O3 ALD coated LATP/Li symmetrical cells at a current density of 0.01 mA cm-2,
each cycle take 2h for lithium stripping and plating.

Figure S6-4. Voltage profile of the 250 (a), 200 (b), 150 (c), 100 (d), 50(e), 25 (f) Al2O3
ALD coated LATP/Li symmetrical cells at first, 100th, 200th and 300th cycle.
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Figure S5. Impedance of LATP@ Al2O3/Li symmetrical cells with different thickness
ALD before (a) and after 300 cycle (b). Inset: LATP@ 50Al2O3, LATP@ 100Al2O3,
LATP@ 150Al2O3, LATP@ 200Al2O3
Table S6-2. Summary of the impedance data of LATP/Li symmetrical cells
Impedance

50C

100C

150C

200C

Al2O3

Al2O3

Al2O3

Al2O3

First cycle

1.5 M

4M

8M

10 M

300th cycle

210k

220K

150K

220K
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Figure S6-6. Electrochemical behavior of the Al2O3 ALD coated on Li for LATP/Li
symmetrical cells at a current density of 0.01 mA cm-2, each cycle take 2h for lithium
stripping and plating.(a) 75Al2O3 ALD on Li and 75Al2O3 ALD on LATP, and (b)
75Al2O3 ALD on Li.

Figure S6-7. Secondary electron image of LATP pellets after 100th cycle: bare LATP,
LATP@ 175 Li3PO4, LATP@150Al2O3

Figure S6-8. (a. b) HEXPS of Ti 2p spectrum for pristine LATP and LATP@175Li3PO4
after 100 cycle at different incident energy.
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Table S6-3. Ti 2p XPS data of LATP before and after 100 cycle

Sample

Kinetic energy

Ti4+

Ti3+

LATP-fresh

3000

95%

5%

4500

97%

3%

6000

100%

0%

3000

75%

25%

4500

76%

24%

6000

86%

14%

3000

73%

27%

4500

100%

0%

6000

100%

0%

LATP cycled

LATP@Li3PO4
cycled
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Chapter 7

7

Interface design of solid electrolyte /cathode/current
collector in solid-state batteries

All solid state Li ion batteries are one of the most promising energy storage technologies,
however, they still suffer from interfacial problems. To resolve the physical mismatch
between LiCoO2 and the solid-state electrolyte interface, different current collector
substrates are employed to control the preferred orientation growth. The LiCoO2 film
deposited on Al substrate shows better electrochemical performance than the film
deposited on stainless steel. The different performance could be attributed to the high
lithium diffusivity of LiCoO2 crystal along the (104) plane (Al substrate) than the (003)
plane (stainless steel substrate). Also, the element cross-diffusion phenomenon between
Li1.3Al0.3Ti1.7 (PO4)3 solid electrolyte and LiCoO2 electrode is observed and controlled by
introducing an interlayer. The TEM-EDS analysis at interface shows that both Al2O3 and
Li3PO4 interlayers prepared by atomic layer deposition are effective in reducing the codiffusion thickness at the interface. The two interface designs help to design solid state
batteries with small interfacial resistance.
Keywords: solid state batteries, interface, physical mismatch, element diffusion, atomic
layer deposition

7.1 Introduction
Lithium ion batteries have been widely used for portable electronics and electric vehicles
due to their high energy density and long durability. However, the conventional batteries
contain flammable liquid electrolytes, leading to safety problems.[1,2] In addition, the
energy density of liquid based batteries will reach a limit in the near future based on the
intercalation chemistry. Therefore, searching for new alternative energy storage systems
is urgently needed. Solid state batteries have received great interest in recent years
because of their intrinsic safety and higher energy density.[3,4] The use of solid
electrolyte, which is inflammable, is tolerant to extreme conditions. Additionally, Li
metal is expected to be directly used as anode in solid state batteries to further increase
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the energy density. The solid electrolytes are capable of preventing the penetration of
lithium dendrites, which is a major issue in liquid based batteries. [5]
The interfacial phenomena in solid-state batteries has been hindered their development
and implementation.[6] The typical interfacial problems in solid state batteries are
divided into physical mismatch, interface reactions, and space charge effects. The former
two effects are widely observed in all solid state batteries, while the last one is mostly
observed in sulfide based systems.[7-9] The physical mismatch in solid state batteries
originates from the bad solid-solid interface contact, which is detrimental for ion and
electronic transportation, especially at high current density. LiCoO2, for example, shows
different electrochemical behavior because of different solid-solid contact at the
interface.[10,11] Bouwman et al. reported that the vertical alignment of (110) plane to the
substrate was favorable for fast lithium-ion diffusion, while the lithium diffusivity of the
thin films with (003) plane aligned horizontally to substrate was lower by a few orders of
magnitude.[12] Therefore, controlling the lattice orientation of LiCoO2 on substrate is
critical in achieving high performance solid state batteries.
Another interfacial problem is the reactions/diffusions between electrode and solid
electrolyte. Specifically, the element cross-diffusion at cathode/oxide electrolyte during
high temperature processing have a negative effect on the performance of solid state
batteries.[13-15] Okumura et al. reported that there was a formation of Co-Ti diffusion
layer at the interface of LiCoO2/ (Li1.3Al0.3Ti1.7(PO4)3) (LATP) solid electrolyte with
depth-resolved X-ray absorption spectroscopy (DR-XAS) and high-resolution
transmission electron microscopy (HRTEM).[16] They also investigated the effect of
different oxide interlayers at the interface in restricting the side-reactions, the results
shown that NbO2 layer was most effective due to the formation of Li-Nb-O layer at the
interface.
In this paper, we will use different substrates to control the lattice orientation of LiCoO2
cathode at the interface between current collector and solid electrode. At the same time,
the interface of LiCoO2 cathode and LATP electrolyte are investigated with HRTEM
coupled with EDS. In addition, the interface of LiCoO2/ LATP are modified with thin
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layer of oxide and lithium conducting oxide utilizing atomic layer deposition (ALD)
technique. The ALD deposited film is very dense and uniform with precise thickness, it is
therefore ideal model for interface study.

7.2 Experimental section
Materials preparation. The LiCoO2 (LCO) thin films were prepared by a radiofrequency sputtering process with a Plasmionique sputtering machine (Montreal,
Canada). The LCO films were deposited on different substrates including Si, Al, and
stainless steel (SS). The typical sputtering procedure were the following steps: the
substrates were put under the target, and then set the target to sample distance to 6 cm.
The chamber was evacuated to a base pressure of 10-6 Torr before sputtering. When the
vacuum was good, the substrate was heated to 500-600 °C with a rate of 30 °C/min. After
the temperature was stable, gases (25 sccm Ar and 8 sccm O2) were introduced into the
chamber, and adjusted the chamber pressure to 1.5x10-2 Torr for sputtering. The LCO
thin films were deposited with the power of 100 W, and a target size of 2 inch.
The LATP electrolytes were synthesized with a wet chemical method as described in a
previous paper.[17] LATP solid electrolyte pellets are achieved after high temperature
sintering, onto which the LCO thin films were deposited using sputtering with same
conditions shown above.
The Al2O3 and Li3PO4 ALD coating were conducted on Gemstar-8 ALD system
(Arradiance, USA) which was connected to an argon filled glove box. ALD Al2O3 was
directly deposited on the LATP pellet at 85 °C by using trimethylaluminum (TMA) and
water as precursors. The Li3PO4 ALD coating was deposited on the LATP pellet in a
Savannah 100 ALD system (Ultratech/Cambridge Nanotech., USA). ALD Li3PO4 was
deposited by using LiOtBu [(CH3)3COLi] and TMPO [(MeO)3PO] as the precursors,
source temperature for LiOtBu and TMPO were 180 °C and 75 °C, respectively. The
deposition temperature of Li3PO4 was carried out at 250 °C. The sample with ALD Al2O3
coating on LATP was named as LATP@Al2O3. Li3PO4 deposited on the LATP was
named as LATP@ Li3PO4, the coating layer has close thickness with LATP@Al2O3.
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Physical characterization. The morphology of thin films were characterized with field
emission scanning electron microscope (Hitachi, 4800). The crystal phase of the thin
films were detected by XRD (Bruker D8 advance) with a rate of 0.01° /min in the range
of 10-60°. The interface of LATP/LCO samples were cut by focused ion beam (FIB) into
slices, and the slice was mounted to a Cu grid for further TEM observation. The slices
were subjected to high resolution transmission electron microscope (HRTEM, Titan G2
60-300 ) equipped with EDAX detectors of ChemiStem Technology at an acceleration
voltage of 300 kV to identify the morphology and chemical information.
Electrochemical characterization. The electrochemical performance of thin film LCO
electrodes were measured with CR 2032 coin cells. The electrode was cut into 0.25 x
0.25 cm size. Typically, the coin cells were assemble in the argon filled glove box with
LiPF6 (EC: DEC: EMC, 1:1:1) as the electrolyte. The cells were tested on Arbin-BT 2000
Battery test system at room temperature with in the voltage range of 3-4.2 V at 10 µA
cm-2 current density. The CV tests are performed using a Bio-logic (VMP3) with a speed
of 0.5 mV/s in the range of 3- 4.5 V.

7.3 Results and discussion
As seen from the Figure 7-1a, a well crystallized LiCoO2 (LCO) thin film is obtained on
Si substrate after annealing LCO film at 600 ºC for 4h, the film consists of nano-sized
LCO particles. In the cross-section image (Figure 7-1a), the thickness of LCO deposited
for 2h is measured to be about 180 nm, corresponding to a deposition rate of 1.5 nm/ min
at 100 W. In all solid state thin film batteries, the cathode layer is usually deposited on a
metallic current collector rather than on silicon or glass. Therefore, different metallic
substrate for LCO deposition were investigated in previous reports. [18,19] For LCO thin
film electrodes, it is reported that the electrochemical performance is highly related to the
lattice orientation on substrate. In previous reports, the lattice orientation of LCO thin
films were determined by factors such as the substrate, deposition parameter, and postannealing process.[10,12]
Here, we utilize two different substrates to understand the influence of lattice orientation
on LCO thin film electrode performance. Displayed in Figure 7-1c, the XRD pattern of
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LCO thin films show different orientation on Al substrate and Stainless steel (SS)
substrates. The major peaks of LCO on Al are (101), (012), and (104), while the (003)
peaks is mainly presented in LCO on SS substrate. Beside XRD tests, Raman spectra are
recorded for the LCO thin film deposited on Si, Al and SS substrate. Only two
characteristic peaks of LCO are clearly observed on the three substrate at wavelength of
487 cm-1 and 597 cm-1, respectively. (Figure S7-1).

Figure 7–1 SEM images of LiCoO2 deposited on Si substrate, (b-c) XRD pattern of
LiCoO2 deposited on Al and Stainless steel substrate.
From the XRD results, it is assumed that the electrochemical performance of LCO thin
films on Al and SS substrate will yield different results due to the different orientations.
The thin film cathodes were assembled into coin cells for electrochemical tests with
liquid electrolyte (1M LiPF6 in EC: EMC: DMC). The voltage range of charge-discharge
was between 3 V to 4.2 V vs Li at current density of 10 µA cm-2. Figure 7-2 (a, b) are
the cycling performance of two thin film electrodes in liquid cells. The LCO on Al shows
a much more stable performance than that of LCO deposited on SS. The thin film
delivers a discharge capacity of 37 µAh cm-2 in the first cycle, and then increase to 41
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µAh cm-2 in the third cycle. The discharge capacity of LCO on Al at 100th is 38 µAh cm2

, with a capacity retention of 93%. On the contrary, the initial capacity of LCO on SS of

37 µAh cm-2 drops quickly and reaches to 25 µAh cm-2 after 100 cycles, a capacity loss
of 0.33 % each cycle. More details are revealed in the galvanostatic charge-discharge
profile in the inset pictures. In the case of LCO on Al, the charge/discharge profiles are
over-lapped at 1st, 50th and 100th cycle. In contrast, the charge/discharge profile in LCO
on SS are separated. In addition, the potential gap between charge-discharge in LCO on
SS is increasing drastically during cycling, which is an indication of polarization in the
electrode.
Cyclic voltammetry was also used to investigate the two thin film electrodes, as shown in
Figure 7-2 c and d. The scanning rate is 0.5 mV/s, in the range of 3 V-4.5 V vs Li/Li+.
The CV profiles of LCO on Al and SS shows some difference in terms of peak shapes,
position and reversibility. For the LCO on Al, the CV curves exhibit three redox peaks at
3.87/3.97, 4.05/4.11, and 4.15/4.20, respectively. The first pair of peaks correspond to the
reversible lithium intercalation from the hexagonal lattice, the latter two peaks are related
to the phase transition between ordered and disordered arrangement of lithium ions in the
crystals.[20,21] Except for a high peak current at the first cycle, the CV curves are
overlapped with each other in following cycles (as marked in arrow), indicating the high
reversibility of lithium intercalation in LCO on Al. In the case of LCO on SS, only the
first pair of redox peaks 3.87/3.97 are resolved through CV scanning, which is due to low
crystallinity or disordered structure in the prepared thin film electrode. Besides, the
anodic peak in CV curves is shifted to higher voltage from 1st to 5th cycle (as marked by
arrow), which means polarization of the electrode, in agreement with the chargedischarge tests.
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Figure 7–2 (a, c) Electrochemical cycling performance of LiCoO2 deposited on Al
and Stainless steel substrate (b, d)
Therefore, it is concluded that LCO deposited on Al shows better performance than the
SS substrate. The main reason is the orientation of LCO thin film facing electrolyte, LCO
with (003) plane orientation will block the flow of lithium at the interface between
cathode and electrolyte, whereas grains with the (104) planes will facilitate the flow of
lithium.[18,19,21] The LCO film deposited on Al showing a (104) orientation presents
better performance than the LCO on SS with a (003) orientation, as shown in Figure 7-3.

Figure 7–3 Schematic illustration of the interface between current collector and thin
film LiCoO2
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The lattice match between the cathode/current collectors plays a major role in solid
batteries to control the preferred orientation growth of thin film electrode. Besides, the
stability of the interface between electrode/solid electrolytes also have profound influence
on the performance of solid batteries as well.[15] The chemical cross-diffusion layer had
been observed at the interface of solid electrolyte/electrode in solid state batteries,
partially occurring in preparation process.[22-25] Usually, the formed interphases is ionic
insulator, it lead to degradation of the capacity. Here, we seek an interlayer buffering the
interface between solid electrolyte and electrode by atomic layer deposition (ALD), in
order to reduce the element diffusion thickness at the interface region. Al2O3 and Li3PO4,
are coated on LATP solid electrolyte by ALD technique before the growth of LCO via
sputtering and post annealing, respectively.
The cross-sectional region of pristine and ALD modified LATP/LCO samples were
investigated using TEM, and the specimens were prepared by FIB micro-sampling and
amounted to the copper grid for observation. The cross-section TEM images and
chemical information of the interfaces are showed in Figure 7-4. From the TEM crosssection images in Figure 7-4 a, an anomalous contrast layer is presented at the pristine
LATP/LCO interface. The details of the contrast layers were evaluated by EDS mapping
and line-scan. From the EDS mapping (in the center of Figure 7-4 a), Co and Ti elements
are characterized with green and cyan color, respectively, accounting for regions of LCO
electrode and LATP electrolyte. In the line profile (right side of Figure 7-4 a), it is
revealed that the thickness of LCO thin film (Co element) is 80 nm in total (as marked
with dash-point line). In the vicinity of LCO thin film and LATP bulk electrolyte, there is
a region of intermediate layer consisting of both Co and Ti elements. The intermediated
layer thickness is 60 nm (marked by pink square), originating from mutual diffusion
between LATP and LCO at high temperature. If an interlayer of Al2O3 is inserted at the
LATP/LCO interface, as shown in Figure 7-4b, an obvious Al element mapping is
observed in EDS mapping. More importantly, the thickness of LCO (Co element) is
reduced to 50 nm (marked with dash-point line), calculated form the EDS line profile. In
addition, the EDS line profile shows some changes across the modified interfacial region.
Instead of a Co-Ti diffusion region, there are two inter-diffused regions which are formed
at the LATP@Al2O3 /LCO interface. The first region is the Co-Al region (marked by
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pink-rectangle) where intensity of Co is decreasing with distance while intensity of Al is
increased, with a thickness of 20 nm. On the surface of Al2O3 coated LATP electrolyte,
the Ti is diffused to Al2O3 layer at high temperature, the thickness is about 12 nm
(marked with purple- rectangle). To confirm the accuracy of the diffusion zone, an EELS
line scan at the LATP@Al2O3 /LCO interface is performed, and the result is presented in
Figure S7-2. Consistent with the EDX result, the EELS line scan also shows two crossdiffusion zone, with thickness of 15 nm and 12 nm, respectively. In the case of
Li3PO4@LATP/LCO, no Li3PO4 layer is observed at the interface from the EDS mapping
(middle of Figure 7-4c). This can be partially attributed to the similar chemical
composition of LATP and Li3PO4 coating. Compared with the LATP@Al2O3 /LCO
interface, the thickness of LCO (Co element) is further reduced to only 35 nm, which is
almost half of pristine Co element thickness. Additionally, the diffused region is reduced
to only 10 nm, where Ti, Co and P are co-existed (as marked by pink-rectangle). The Ti
is diffused into the Li3PO4 layer as well, as seen in the surface of Li3PO4@LATP (as
marked by grey-rectangle), with a thickness of 20 nm. But, it should be noted that Ti
doping in the Li3PO4 layer is ionic conductive, which is beneficial for lithium
transporting.
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Figure 7–4 HADDF-STEM EDX analysis at the LATP/LiCoO2 interface: (a)
LATP/LiCoO2, (b) LATP@Al2O3/LiCoO2, (c)LATP@Li3PO4/LiCoO2
From the EDS line analysis, it is seen that the Co diffusion zone is reduced from 60 nm in
LATP to 20 nm in LATP@Al2O3 and 10 nm in Li3PO4@LATP, respectively. It is
therefore concluded that the ALD layer is able to control the element diffusion
phenomenon at the cathode/electrolyte interface, and ALD Li3PO4 layer is more effective
in prevent Co diffusion into electrolyte (as shown in Figure 7-5).
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Figure 7–5 Schematic of chemical diffusion at the LATP/LiCoO2 interface with
ALD modification

7.4 Conclusion
In this paper, we successfully control the properties of the current collector/cathode and
cathode/electrolyte interfaces. First, the orientation of the deposited LCO thin films are
designed and controlled with different substrates, in order to get an improved
electrochemical performance. The results show that the LCO deposited on Al substrates
exhibit improved cycling performance compared to that of LCO on stainless steel
because the formation of (104) rather than the (003) plane orientation. Second, the
interface between LCO and LATP electrolyte are investigated and engineered using ALD
interlayers. The results demonstrate that the element diffusion phenomenon is suppressed
by ALD coatings on the LCO/LATP interface, with ALD Li3PO4 proving to be more
effective than the ALD Al2O3 layer.
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Supporting information

Figure S7-1. Raman spectroscopy of LiCoO2 deposited on Si, Al and
Stainless steel substrate.

Figure S7-2. HADDF-STEM EDX analysis at the LATP/LiCoO2 interface
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Chapter 8

8

Cold sintering process of NASICON solid electrolyte for
solid state battery application

Li1.3Al0.3Ti1.7 (PO4)3 (LATP) is a popular solid electrolyte used in solid state lithium
batteries due to its high ionic conductivity. Traditionally, the densification of LATP is
achieved by a high temperature sintering process (about 1000 ºC). Herein, we report the
compaction of LATP by a newly developed cold sintering process and post-annealing.
LATP pellets are first densified at 120 ºC and then annealed at 650 ºC, yielding an ionic
conductivity of 8.04x10-5 S cm-1 at room temperature and a relative density of 93% with a
low activation energy of 0.37 eV. Microstructure of the cold-sintered pellets are
investigated as well, showing that the particles are interconnected with some nanoprecipitates at the grain boundaries.
Keywords: LATP, cold sintering process, ionic conductivity, microstructure

8.1 Introduction
Lithium ion batteries have become one of the most indispensable energy storage devices,
especially for their application in portable electronics. [1,2] Typically, commercial LIBs
use liquid electrolytes, which are composed of Li salt and organic solvents.
Unfortunately, liquid electrolyte based batteries possess the risks of thermal runaway and
even fire due to the flammability of the organic solvents.[3] Therefore, development of
solid state electrolytes are stimulated in searching for non-flammable batteries that are
tolerant to extreme conditions. In past years, numerous solid electrolytes have been
synthesized based on oxide, sulfide and solid polymer electrolyte chemistries. [4,5]
However, the overall ionic conductivity of most solid electrolytes is very low because of
the limited lithium diffusivity at the grain boundaries. To improve lithium conductivity,
high temperature sintering/annealing is usually needed to increase the masstransportation between grains, especially for oxides and sulfides. [6] Nevertheless, high
temperatures may cause the evaporation of lithium from the compound, leading to the
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off-stoichiometry of solid electrolyte. The ionic conductivity of solid electrolytes is
decreased after the changes in chemical composition. [7]
The annealing temperature for the oxide electrolytes are as high as 1000 ºC during
densification process. In order to decrease the densification time and temperature,
pressure-assisted sintering such as spark plasma sintering was employed through
facilitating the mass-transport process.[7,8] Alternatively, a novel sintering process, cold
sintering process (CSP) was recently developed by Randall’ group, which offers a route
to densification of ceramics at below 300 ºC.[9-12] Such a low temperature is very
attractive for the densification of solid electrolytes in counteracting the lithium loss
issues. Generally, the CSP involves a multistage non-equilibrium process such as
dissolution-precipitation under external stress, viscous flow of saturated solutions and
diffusion of species. There are already some initial mechanism studies in understanding
the CSP, but there is still ambiguity in the exact underlying process which occurs.[13,14]
Recently, Randall has reported the synthesis of Li1.5Al0.5Ge0.5 (PO4)3 solid electrolyte
with CSP, and it reaches an ionic conductivity of 5x10-5 S cm-1 at room temperature after
annealing. It indicates than CSP can be applied to the synthesis of solid electrolytes
through lower temperature densification processes, which can avoid the evaporation of
lithium a non-stoichiometric compositions. [13,14]
Herein, Li1.3Al0.3Ti1.7 (PO4)3 (LATP) electrolyte, a lithium conductor with NASICON
structure,[15] is prepared with CSP process and post-annealing. The mechanism of
LATP-CSP electrolyte is discussed in the paper by tuning the sintering conditions,
solution effect and applied stress effects. Through a systematic investigation of the CSP
parameters, the LATP electrolyte with ionic conductivity of 8.04x10-5 S cm-1 is obtained,
with a relative density of 93% and activation energy of 0.37 eV. The microstructure
analysis under TEM shows that the nano-particles are precipitated at the grain-boundaries
of the CSP LATP, with a uniform chemical distribution across particles.
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8.2 Experimental section
Synthesis of LATP particles. The base materials for Li1.3Al0.3Ti1.7 (PO4)3 (LATP)
synthesis were Li2CO3 (Sigma-Aldrich), (C4H9O)4Ti (Sigma-Aldrich), Al(OH)3(SigmaAldrich), NH4H2PO4(Sigma-Aldrich), and it was synthesized with a wet-chemical
method. The Ti source was first dissolved into water by the addition of HNO3 solution,
which was labeled as solution A. Then, the Li, Al, and P sources were dissolved into
distilled water, which was labeled as solution B. After this, we added solution A into B
dropwise under strong stirs. After about 1h, PVA as the entrapping agent was dissolved
in the solution to absorb the cations in the solutions on the polymer chains. After the
evaporation of the water, the solution ended up as a white gel. After heating the gel at
500 °C for 2h, the residual organic compounds were combusted and the precursors were
obtained after the decomposition of base materials. The precursors were calcined in a
muffle furnace at 700 °C for 2 hours, and crystalline LATP powders were obtained.
Cold sintering process (CSP). The LATP powders were mixed with different solution
(30 vol. %) using pestle and mortar for 1-2 min. The choices of solution include
deionized water, NMP (N-methyl-2-pyrrolidone), deionized water with NMP, 1 M (1
mol/L) Acetic acid with NMP and 1 M Acetic acid with DMSO (Dimethyl sulfoxide).
The mixture was uniaxial pressed at 200 MPa first at room temperature for 10 min, and
then the temperature was ramped up to 120 ºC with a rate of 10 ºC/min. The pressure
was increased to 280 MPa, 350 MPa and 420 MPa, respectively, in order to study stress
effect. The temperature was isothermally kept for 1 h, the as prepared ceramic pellets
were first baked at 120 ºC overnight to remove possible water residue, and then further
sintered at 650 ºC for 2h with a temperature ramp rate of 10 ºC/min in air. To make a
comparison, the LATP powders were also dry pressed at 420 MPa at room temperature
without adding water and any binder, and post-annealed at 650 ºC. In addition, a LATP
pellet with PVA binder was sintered at conventional high temperature of 1000 ºC for 2 h,
named as HTS-LATP.
Characterization. The density of the obtained pellets were measured with the
Archimedes’ method by a MatsuHaku Porosity and Bulk Density Tester (Xiamen,
China), water was used as the solvent media. A theoretical density of 2.92 g cm-3 was
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adopted to calculate the relative density of prepared ceramics. The crystal information
was characterized by X-ray diffraction (Bruker D8 Advance) with Cu K-alpha radiation.
The morphology of cross-sections were examined by filed-emission scanning electron
microscope (SEM, Hitachi 4800) at an accelerating voltage of 5 KV. The detail structure
was characterized by high resolution transmission electron microscope(HRTEM, Titan
G2 60-300 ) equipped with EDAX detectors of ChemiStem Technology at an acceleration
voltage of 300 kV to identify the morphology and chemical information. Gold thin film
was deposited on the two side of ceramic as current collector. The electrochemical
impedance spectroscopy (EIS) was tested with Bio-logic (VMP3) at the frequency range
of 500 K-1 Hz, a sinusoidal voltage amplitude of 10 mV. EIS Data were analyzed using
Z-View software.

8.3 Results and discussion
Figure 8-1a displays the XRD patterns of LATP under conventional high temperature
sintering (HTS, 1000 ºC/2h) and cold sintering process (CSP, 120 ºC/1h+650 ºC/2h).
The obtained pellets exhibit similar diffraction pattern as the pristine LATP powders, no
extra peaks are detected. This means that CSP did not introduce detectable impurities into
the solid electrolyte.
The microstructure of the LATP electrolyte under different sintering processes are shown
in Figure 8-1b-e. The cross-section images are obtained without additional polishing or
thermal etching. For HTS-LATP, the powders are compacted under high temperature by
forming sintering neck between particles. If the LATP powders are pressed without any
solution, a dry-press pellet is obtained and the cross-section is demonstrated in in Figure
8-1c. The dry-press pellet exhibits porous, with loosely stacked powers. Adding water as
solution during the CSP process, the pellet becomes densely packed compared to the dry
press LATP. Furthermore, the density of the pellet is drastically increased for the CSPLATP with 1 M Acetic acid as an additive. In addition, neck growth is clearly see the
CSP-LATP with acid, as presented in Figure 8-1e. In contrast to HTS-LATP, the particle
sizes of CSP-LATP are still in the range of 300-400 nm.
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Figure 8–1Sintering effect of LATP. (a) XRD patterns of LATP electrolyte during
high temperature sintering and cold sintering process with 1M acetic acid; SEM
images of (b) high temperature sintering, (c) dry press sintering, (d) cold sintering
with water and (e) cold sintering with 1M acetic acid.
Densities of as-obtained LATP pellets are measured by the Archimedes’ method, as listed
in Figure S8-1 and Table S8-1. Relative densities are calculated in order to correlate
them to the ionic conductivity of the pellets, as demonstrated in Figure 8-2a. Through
electrochemical impedance spectroscopy (EIS), ionic conductivities are investigated, as
illustrated in Figure 8-2b. It is obvious that the ionic conductivity is linearly related to
relative density of pellets, with higher densities resulting in increased ionic conductivity.
The highest relative density of LATP 96 ±2% is obtained for the pellet sintered at high
temperature of 1000 ºC, the lowest one is the LATP sintered with dry press (74±2 %).
For the two CSP-LATP pellets, the acid-assisted CSP-LATP reaches a high relative
density of 93±2 %, while the water assisted CSP-LATP is 79±2 % (Table S8-1). The
CSP-LATP pellet with addition of acetic acid shows good sintering effects, with a close
density as the high temperature sintering (relative density of 96±2 %).
As listed in Figure 8-2a and Table S8-1, the total ionic conductivity of HTS-LATP is
1.51x10-4 S cm-1 at room temperature, which is obtained by the intercepts of EIS spectra
in Figure 8-2b at the X axis. LATP pellets prepared with the CSP process result in ionic
conductivity of 8.04x10-5 S cm-1 and 2.79 x10-5 S cm-1 for the acid and water- assisted
processes, respectively. More importantly, the CSP-LATP with acid solution shows about
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five time higher ionic conductivity compared to the dry press LATP electrolyte, which
shows an ionic conductivity of 1.66x10-5 S cm-1. The improvement of the ionic
conductivity mainly comes from the grain boundary contribution, as presented in Figure
8-2b. The ionic conductivity dependencies of pellets against temperature are plotted as
the Arrhenius plot in Figure 8-2c, with all samples showing good ionic conduction
behavior. The activation energy of the pellet is calculated based on the slope of the plot,
as listed in Table S8-1. CSP-LATP with acid shows an almost similar activation energy
of 0.37±0.02 eV as the HTS-LATP at higher temperature, while the dry-press LATP
shows an activation energy of 0.45±0.02 eV due to the bad conduction at grain boundary.

Figure 8–2 Sintering effect of LATP (a) Density and ionic conductivity of LATP
pellets at different sintering condition; (b) electrochemical impedance at room
temperature, and (c) Arrhenius plots.
To better understand the structure of LATP solid electrolyte after sintering and the
relationship between properties and structure, the microstructure information is obtained
through TEM images, as shown in Figure 8-3. For the CSP-LATP (Acid), the particles
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are well sintered together, and only a small fractions of pores are observed (Figure 8-3ac). It is an indicator of excellent densification of LATP particles with CSP and postannealing at medium temperature (650 ºC). Looking closer, it is seen that the grain-grain
interfaces still present some amorphous phases (Figure 8-3d, as marked by dash line).
Additionally, nanometer size precipitates (crystals) in polygonal or round-shape are
detected at the grain boundary regions (Figure 8-3e and 8-3f, as marked by dash line).
EDS chemical mapping analysis reveals Al and Ti elements homogeneously distributed
across the grains with no significant deviations in distribution, indicating the uniformity
of chemical compositions at bulk and grain boundaries (Figure S8-2). In the case of
conventionally sintered LATP, the grains are grown to micro-size and are interconnected
with each other (Figure 8-3g), with a clean grain-boundary observed (Figure 8-3h and
8-3i).
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Figure 8–3HRTEM images of CSP LATP with Acetic acid (a-f) and HTS LATP (g-i)
To elucidate the influence of the liquid phase on the dissolution of the ions during the
CSP process, different combination of the solvent are investigated. Seen from the Figure
8-4a, LATP pellet with 1M acetic acid and NMP solvent shows the highest relative
density while the pellet sintered with NMP shows the lowest relative density of 74±2%,
similar to the dry press. As illustrated in Figure S8-3b, the particles in the NMP assisted
CSP-LATP are loosely packed without formation of neck between grains. As indicated
by a recent study by Studart et al., the ion dissolution and liquid induced plasticity does
not occur in organic solvents, so there is no sintering behavior for NMP solution.[16]
Unfortunately for the CSP process with pure water, the final pellet is easily cracked into
pieces due to rapid evaporation of water at 120 ºC (Figure S8-4a). To solve this problem,
the inert NMP organic solvent is used as an additive, and a pellet with improved
mechanical properties is obtained (Figure S8-4b). The reason is ascribed to slowing
down the evaporation rate of water (boil point of 100 ºC) by incorporating the high
boiling point NMP solvent (boil point of 202 ºC). In order to verify the effect of the high
boiling point organic solvent as an additive, DMSO with a boiling point of 189 ºC is also
used as additive. The formed LATP pellet via CSP with 1 M acetic acid-DMSO can
achieve a relative density of 84% and god mechanical integrity (Figure S8-1b, Figure
S8-3a).
To determine the ionic conductivity, the EIS spectra of the LATP with different solutions
are recorded and presented in Figure 8-4b. The conductivity of the NMP-assisted CSP
LATP shows an ionic conductivity of 2.07 x10-5 S cm-1, which is similar to the dry press
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process (Table S8-2). For the LATP sintered with DMSO additive, the conductivity is
about half of the LATP with NMP as the organic solvent coupled with acid solution. One
possible reason is the lower boiling point of DMSO than NMP, which leads to a lower
relative density of the CSP pellet due to the relatively higher water evaporation rate than
that using the latter (Table S8-2). From the Arrhenius plots pictured in Figure 8-4c, the
activation energy of the DMSO combining acetic acid assisted LATP is 0.39±0.02 eV,
which is lower than the pellet sintered with water and NMP (0.40±0.02 eV), and pure
NMP solution (0.41±0.02 eV). The primary reason is that the acetic acid is effective in
dissolving the edges of particles, which is also observed in CSP process of ZnO
oxide.[17]

Figure 8–4 Solution effect of cold sintering LATP. (a) Density and ionic conductivity
of cold sintering LATP pellets with different solution; (b) electrochemical
impedance at room temperature, and (c) Arrhenius plots.
In previous research, smaller particles was claimed to accelerate the densification process
of ceramic materials.[11] Therefore, the LATP particles are ball-milled with ZrO2 for 10
h before the CSP process. However, the ionic conductivity of the pellet only shows an
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ionic conductivity of 2.2x 10-5 S cm-1, even with a relative density is 81% (Figure S8-5).
One possible reason is then correlated to the plastic deformation of the surface during ball
milling process, which result in the formation of an amorphous phase on the surface,
leading to lower ionic conductivity.
Another important parameter in the CSP process is the applied stress. The evolution of
the microstructure of the powders at different applied pressure was examined with SEM,
as shown in Figure 8-5. At a low applied stress of 280 MPa, the agglomerates of nanoLATP particles is still visible and there is a large fraction of porosity due to the interagglomerate interstices. A higher applied stress of 350 MPa leads to significant
densification and deformation of the agglomerates. This effect is more obvious when the
applied stress increase to 420 MPa, where agglomerates are invisible and only smaller
porosity remains. The neck is formed between agglomerates with the increase of the
relative density from 74% at 280 MPa to 93% at 420 MPa (Figure 8-5). More
importantly, it should be noted that densification of the agglomerates are not
accompanied by coarsening of the particles which is typically observed during sintering
of ceramics at high temperatures (Figure 8-1b).

Figure 8–5 Pressure effect of cold sintering LATP. SEM images of the cold sintering
pellet with different pressure, (a) 280 MPa, (b) 350 MPa and (c) 420 MPa.
In line with increase of the relative density, conductivity of LATP is also increased, as
illustrated in Figure 8-6a. EIS spectra in the Figure 8-6b indicates that improvement of
ionic conductivity is mainly contributed to grain boundary, whereas the resistance of
grain is consistent at different applied stress. The total conductivity of LATP electrolyte
sintered at applied stress of 280 and 350 MPa are 2.09 x 10-5 S cm-1 and 5.37x 10-5 S cm1

, respectively (Table S8-3). As shown in Figure 8-6c and Table S3, the activation
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energies of the LATP electrolyte sintered at applied stress of 280 and 350 MPa are
0.39±0.02 eV and 0.38±0.02 eV, a little bit higher than the electrolyte sintered at applied
press of 420 MPa. It suggest that the high conductive pellet is achieved at high applied
stress, with high relative density and lower activation energy.

Figure 8–6 Pressure effect of cold sintering LATP. (a) Density and ionic
conductivity of cold sintering LATP pellets with different pressure; (b)
electrochemical impedance at room temperature, and (c) Arrhenius plots.
Overall, the cold sintering process of LATP involves different mass-transport pathways
schematically depicted in Figure 8-7. First, the surface atoms LATP particles are
dissolved congruently into solutions of water or acidic solution. Then, ions is moved by
the driving force of high-stress concentration at contact point by applying an external
stress. The dissolved ions at the contact point diffuse at the contact region, re-arranged
and finally precipitate by evaporation of the water molecules. Therefore, an amorphous
phase is quenched at the grain boundary at the end of evaporation. To increase the
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crystallinity and density of the as-obtained pellet, post-annealing at medium temperature
is used to reduce the amorphous phase at the grain boundaries.

Figure 8–7 Schematic process of cold sintering process.

8.4 Conclusion
Lithium-ion conductor Li1.3Al0.3Ti1.7 (PO4)3 (LATP) is densified with a novel cold
sintering process (CSP). CSP is a compaction process requiring low temperature and
short time, which can be widely applied to other inorganic materials. In this work, the
obtained LATP electrolyte via optimized CSP process reaches an ionic conductivity of
8.04x10-5 S cm-1, with an activation energy of 0.37 eV. Microstructure analysis shows
that some nano-precipitate forms at the grain-boundaries in the CSP LATP, while the
HTS LATP shows a clean grain boundary. Current study shows that the density of solid
electrolyte is highly related to sintering process, solvent addition, and applied stress.
However, there still are challenges in understanding the change in surface chemistry of
particles undergoing the CSP process, which needs detailed characterization in the future.
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Supporting information

Figure S8-1. (a) Density and relative density of LATP electrolyte during different
sintering processes and (b) cold sintering LATP electrolyte with different solutions.
Table S8-1. Summary of LATP electrolyte with effect of sintering process
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(a)

Figure S8-2. EDS mapping of CSP LATP (a) and CS LATP (b).
Table S8-2. Summary of LATP electrolyte with solution effect
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Figure S8-3. SEM images of the cold sintering pellet, (a) with DMSO and 1M acetic acid
as solution, (b) with only NMP as solution

Figure S8-4. Optical images of the cold sintering pellet, (a) pure water as solution, (b)
water with NMP and (c) acetic acid and DMSO.
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Figure S8-5. BM effect on cold sintering process LATP electrolyte. (a) Density and ionic
conductivity of CSP LATP and LATP after BM. (b) SEM images of CSP LATP with
BM, (C) EIS of LATP with BM

Table S8-3. Summary of LATP electrolyte with pressure effect
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Chapter 9

9

Conclusions and future perspective

9.1 Conclusions
In this thesis, the development of traditional lithium ion batteries and solid state batteries
are introduced. The focus of my experimental work is on the surface and interface
challenges in the lithium batteries. The first part of the thesis is associated with the
surface chemistry study on the lithium iron phosphate (LFP) cathode materials in liquid
based batteries, the second part of the thesis is about the study of the interface stability in
solid state batteries. The details of my research works are listed below:
Firstly, the origin of the inert impurity phase formation in LFP during carbon coating
were systematically investigated. During carbon coating process at evaluated
temperature, a Fe2P2O7 phase is emerged from the surface of LFP with the loss of Li2O,
due to strong reducing atmosphere. In addition, the Fe2P2O7 phase shows negative effect
on the performance of LFP electrode because it do not contribute any capacity. More
importantly, our research show that the Fe2P2O7 phase formation is related to the change
of particle size, annealing temperature and coating atmosphere. Given that, a phase
formation phase diagram is outlined. Therefore, those findings enable us to reduce and/or
remove the Fe2P2O7 phase from the LFP particles, which leads to the improvement of the
electrochemical performance. At last, a unique mechanism is proposed from the
thermodynamic point of view, which is consistent with the experimental results.
Secondly, the removal of the inert impurity phase such as Fe2P2O7 is not enough for
achieving high performance LFP electrode in lithium batteries. A further investigation
was carried out in order to find a phase with positive effect on LFP materials. Given that,
a conductive phase, Fe2P, was detected after annealed LFP particles at higher carbon
coating temperature. Due to the stronger reducing atmosphere, the LFP is dissipated into
Fe2P and lithium phosphate. Furthermore, it was found that the formation of Fe2P phase
is highly dependent on the particle size, temperature and atmosphere. The change of the
carbon coating condition leads to the change of the reducing atmosphere, which is related
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to the oxygen partial potential. Therefore, a thermodynamic mechanism of Fe2P phase
formation is proposed, which is in well agreement with the experimental result. It is note
that the result on LFP/Carbon interface chemistry is not limited to the electrode materials,
and the principles can also be applied to any insulator materials underlying reducing
reaction.
Thirdly, LFP is one of the most widely used cathode in lithium ion batteries. However, it
suffers from the inhomogeneous performance due to the presence of secondary phase.
Those secondary phases play important role in determining the electrochemical
performance of LFP in batteries. Therefore, a deep understanding about the origin of the
secondary phase’s formation and the distribution of the phase in LFP is needed. Herein,
several advanced characterization were utilized in LFP and C/LFP materials, in order to
get the information about the crystal structure about the secondary phase in them.
Especially, mapping techniques such as EDS, Raman, and XRF have demonstrated their
capability to obtain information such as the phase distribution of secondary phase. The
development of those characterization techniques are helpful in identifying the phase in
manufactured LFP materials, which can help to prepare high purity LFP materials in the
future.
Solid state batteries are one of the most promising next generation lithium ion batteries
due to their higher safety and energy density. However, the interfacial problems including
physical mismatch, chemical reactions and space charge effect are detrimental factors for
electrochemical performance of solid state batteries. It is therefore necessary to tackle
those interface challenges before producing a battery with excellent properties.
To obtain a high energy density, lithium metal anode is usually applied in solid state
battery. However, most of the solid state electrolyte is unstable against Li, from a
thermodynamic point of view. For Li1.3Al0.3Ti1.7 (PO4)3(LATP) electrolyte, the Ti4+ is
easily reduced to Ti3+ or lower valence after in contact with Li metal. In this work, an
atomic layer deposition technique (ALD) is employed in modifying the interface stability.
The results show that a15 nm thick ALD Al2O3 is effective in restricting the side-reaction
at the LATP/Li interface. SEM, XPS, HRTEM/EDS, and HRTEM-EELS
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characterizations illustrate that the Ti reduction and Li dendrite formation in Al2O3 coated
LATP electrolyte is significantly limited, in comparison with the pristine LATP
electrolyte. The improvement of the interface stability is attributed to the dense ALD
layer deposited on the LATP surface, which blocks the lithium migration into electrolyte.
In addition, the interfaces between solid electrolyte/electrode and electrode/current
collector were investigated. For LiCoO2 (LCO) electrode deposited on current collector
by sputtering, the lattice of crystal LCO has a huge influence on the electrochemical
performance. The results show that LCO deposited on Al substrate presents a higher
cycling stability that that of LCO deposited on stainless steel. The reason is related to the
different lithium diffusivity of crystal planes of LCO. The lithium diffusion is much fast
along the (104) plane than the (003) plane because lithium movement is blocked by the
Co-O layer in LCO crystal.
The element mutual diffusion between LCO electrode and LATP electrolyte was
investigated as well. It was found that a layer of 60 nm thick Co-Ti diffusion region is
observed at LATP/LCO interface. To reduce the diffusion thickness, Al2O3 and Li3PO4
interlayers were coated on the LATP surface with ALD technique. The results suggest
that the interlayers are very efficient in restricting the element diffusion phenomenon at
the LATP/LCO interface. Based on the analysis of HRTEM-EDS result, the diffusion
region are reduced to 15 nm and 10 nm for Al2O3 and Li3PO4 coated LATP, respectively.
It suggest that the ALD technique is quite effective in resolving the interface problems in
solid state batteries.
Finally, a cold sintering process was introduced in preparing high conductive solid
electrolyte at a super lower temperature down to 120 °C. With the better control of the
sintering condition such as solution/additive and stress, a high conductive solid
electrolyte pellet with ionic conductivity of 1x10-4 S cm-1 was achieved.

9.2 Future perspective
Although some success of understanding and control of the surface and interface
chemistry have achieved in this thesis, there are still large room in this field for detailed
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research. Here, I provide some typical problems and challenges that are critical for future
study on surface and interface chemistry research.
1. The LiMnPO4 (LMP) cathode with similar crystal structure as the LFP suffers from the
low electronic conductivity as well. Carbon coating is needed for LMP in order to obtain
good electrochemical performance. Thus, it is interesting to study the surface chemistry
at the LMP/C interface in details, and figure out the differences between LFP/C and
LMP/C interface during carbon coating process.
2. Moreover, the interface study in solid state batteries is in the initial stage and more
research can be done in this topic. Although current research enable the stabilization of
Li/LATP interface with ALD surface modification, it is more interesting to find a stable
anode/electrolyte interface without side reactions or smaller interface resistance. The
development of an electrolyte which is stable against Li metal can help to design a high
energy lithium metal battery. For instance, constructing the anode interface by combining
electrolyte with a less reductive anode such as graphite, silicon or silicon/graphite,
thereby avoiding lithium dendrite formation at interface.
3. Cathode interface is also a major concern for assembling solid state batteries with
stable performance. The physical mismatch, chemical reaction, and space charge effect
need facile interface design. To reduce the physical mismatch, materials with semicoherent or coherent boundary are preferred at the interface, which facilitates the
transport of lithium ion. The electrochemical window of solid electrolyte need to be
extended either by applying an interlayer or composite with stable electrolytes. The
chemical reactions will be limited after the interface modification. In terms of the space
charge effect, a uniform and conformal coating by ALD will be more effective in
reducing the side effect.
4. The CSP LATP electrolyte exhibits a relative high density and conductivity, however,
it is obvious that there still a large margin in comparison to the high temperature sintered
electrolyte. The difference lies in the lithium ion transportation at grain boundary.
Therefore, engineering a conductive grain boundary in LATP electrolyte will be a
promising direction in for future study.
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5. In the field of solid state batteries, scientific understanding about the interface study is
elusive. Therefore, using some advanced characterizations such as HRTEM/EDX/EELS,
synchrotron radiation, and neutron radiation can help to investigate the interface
phenomenon from macroscopic scale to microscope scale. Based on those detailed
information, better performance of solid state batteries will be easily realized in the
future.
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